DOCUMENT RESUME 



ED 351 187 



SE 052 952 



AUTHOR 
TITLE 



INSTITUTION 
SPONS AGENCY 
PUB DATE 
NOTE 

AVAILABLE FROM 



PUB TYPE 



EDRS PRICE 
DESCRIPTORS 



Naruin, Jeanne L* , Ed* 

What Works: Building Natural Science Communities* A 
Plan for Strengthening Undergraduate Science and 
Mathematics . Volume One. 

Independent Colleges Office, Washington, DC. 
National Science Foundation, Washington, D.C. 
91 

119p.; For Volume 2, see SE 052 953. 
Project Kaleidoscope , Independent Colleges Office , 
Suite 1205, 1730 Rhode Island Avenue, N.W., 
Washington, DC 20036 (single copy $19.00, 2-4 copies 
$15.00, 5 or more copies, $12.75. Prices include 
shipping/handling) . 

Viewpoints (Opinion/Position Papers , Essays , etc.) 
(120) — Reports - Descriptive (141) 

MF01/PC05 Plus Postage. 

Concept Teaching; ^'Constructivism (Learning); 
Educational Change; Fema' es ; ^Ceneral Education; 
Higher Education; Liberal Arts; ^Mathematics 
Education; Minority Groups; ''^Science Curriculum; 
''^Science Education; Science Instruction; Science 
Laboratories; Science Programs; Science Teachers; 
Scientific Literacy; '^Undergraduate Study 

ABSTRACT 

In an era when the U.S. educational enterprise, 
particularly in mathematics, physical sciences, and engineering, has 
been found to be seriously flawed and has come under criticism from 
many different sectors, it is essential for science and mathematics 
educators from the nation's predominantly undergraduate institutions 
to take the lead in confronting the issues and setting a new course 
for strengthening undergraduate science and mathematics. This report 
presents the goals of Project Kaleidoscope as well as a plan of 
action for the decade of the 1990' s to meet these goals. The plan 
contains four major initiatives which involve changing undergraduate 
science and mathematics education through continued dialogue and 
partnerships between f unders , policy makers, and science and 
mathematic educators. Specifically, the initiatives propose: (1) 
reforming the introductory course in undergraduate science and 
mathematics; (2) supporting the integrated teacher/scholar role of 
undergraduate science and mathematics faculty; (3) making 
disciplinary content and active learning central to the education of 
K-12 teachers of science and mathematics; and (4) developing 
partnerships focused on strengthening undergraduate science and 
mathematics. It is emphasized as well that in each of these 
initiatives, careful attention must be paid to underrepresented 
groups in science — women, minorities, and handicapped. 
Recommendations corresponding to each of the*''* initiatives are given, 
and to illustrate the report's analysis of "what works" in this 
endeavor, a number of strong programs that address well-defined needs 
in liberal arts institutions are described. Chapters in this report 
include: "Forming Natural Science Communities," "Learning Science," 
Mathematics: The Foundation of Science," "Human Resources," "Faculty: 
Building a Community," and "Facilities: Supporting a Community." 
(PR) 
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In August 1989, The Independent 
Colleges Office (ICO), based in 
Washington, D.C., received a 
grant from the National Science 
Foundation (NSF) in support of a 
project to develop an agenda 
for strengthening science and 
mathematics in this nation's liberal 
arts community. Called Project 
Kaleidoscope, this effort paralleled 
similar NSF-funded projects focused 
on the undergraduate sector at 
two-year institutions, at public 
comprehensive universities, and at 
major research universities. The 
histor)' and present condition of the 
nations scientific and educational 
infrastructure, as well as the 
challenges facing this countrv' s 



liberal arts colleges and other 
predominantly undergraduate 
institutions, established the context 
for Project Kaleidoscope. Designed 
from the beginning to be a catalyst 
for action. Project Kaleidoscope 
sponsored a National Colloquium 
at the National Academy of 
Sciences in February, 1991, 
bringing together over 600 persons 
committed to strengthening under- 
graduate science and mathematics. 
This report, **What Works: 
Strengthening Undergraduate 
Science and Mathematics," is 
the next step in the Project 
Kaleidoscope agenda. 
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WHAT WORKS 



The most important attribute of 
underfijracluate programs that allraet 
and sustain student interest in 
science and mathematics is a 
thriving community of students and 
faculty. Such ''natural science 
communities" offer students a 
learning environment which is 
demonstrably effective: 

♦ Learning that is experientiaL 
investigative, hands-on, and 
steeped in investigation from the 
very first courses for all students 
through capstone courses for 
science and mathematics majors. 

♦ Learning that is personally 
meaningful to students and faculty, 
that makes connections to other 
fields of inquiry, that is embedded 
in the context of its own history 
and rationale, and that suggests 
practical applications related to 
the experience of students. 



♦ Learning that takes place in 
a community where faculty are 
committed equally to under- 
graduate teaching and to their own 
intellectual vitality, where faculty 
see students as partners in learning, 
where students collaborate with one 
another and gain confidence that 
they can succeed, and where 
institutions support such 
communities of learners. 

Programs organized around these 
guiding principles motivate 
students and give them the skills 
and confidence to succeed. Thus 
empowered, students learn science 
ami mathematics. 
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Cdfi (in effective program be proposed 
for (ILsrovering and developing 
scienfijjr tident in American youth 
so thai the c(mt inning future of 
scientific research in this country 
may be assured^ 

New frontitM's of the mind are heforr 
us, and if ihry air pioneered with 
the same vision, boldness, and 
drive with which we have waged 
this war, we can create a fuller and 
more fruitful employmenl and a 
fuller and more fruitful life. 

- Franklin I). Roosevelt, 194L 
Letter to Vannevor Biw/j, 
Founding Director, The 
!\(ttional Science Foundation. 
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PREFACE 
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Kal('i(l()s('()[)c is an inslrumeril lhal 
reveals *'what works" in undergrad- 
uate sei(Miee and mulliematics 
rducalion. liy documenting su(»erss 
and identifying elfective strategies, 
we offer tested models of aelion and 
suggestions for future (change for 
those who wish to join in the national 
effort to reform science and mathe- 
nialics education at the under- 
graduate level. 

The title of this effort. Project 
Kaleidoscope, serves as a metaphor 
on three levels: 

♦ To display the pieces that must 
conic together; 

♦ To exhibit how these pieces 
connect: 

♦ lo show that patterns will differ 
in different settings. 

As a kal(Mdose()p(* creates a multitude* 
of patterns in response to change, 
so our agenda encompasses a 
multiplicity of approaches that can 
he adapted to specific circumstances 
and institutional environments. 

Our work convinctnl is of several things: 

♦ The diagnoses of weaknesses in 
America's education programs 
lor science and mathematics are 
on the mark. 

♦ The search for solutions would 
proceed more effectively if we 
could come to understand better 
the guiding principles that drive 
strong programs in science and 
mathematics in diverse 
institutional settings. 

^ Now is the time for action. There 
is a national consensus about the 
nature of the problem and the 
need to address it. All the 
partners — schools, colleges and 
universities, federal and state 
governments, professional 
associations, and private 
foundations — are moving from 
analysis to action. 



Tnless cveiTonc with a stal:c \n 
undergraduate science and mathe- 
matics education makes tou^li 
decisions now about strategic prior- 
ities — about dollars, peoph^, space, 
and lime — effective reform will not 
happen. Unless all partners work 
together, this nution s educational 
shortcomings will not b(* addressed 
adequately. Effective reforms 
lake money, to be .sure. But more 
important is an environment for 
reform that encourages planning, 
fosters creativity, and rewards 
useful innovation. The environment 
for reform must he based on a 
driving vision of what works. 

Our approach has been simple. 
We looked carefully at successful 
undergraduate programs in mathe- 
matics and science across the 
counlr\'. We reflected upon our 

- ♦ 

The environment for reform 
must be based on a drivinji 
vision of w hat works. 



own experiences in classrooms, 
laboratories, and administrative 
offices. We identified central princi- 
ples that guide strong programs in 
science and mathematics in the 
nation's liberal arts colleges. What 
w(» offer are plans and programs 
based on the wisdom of experience 
and the evidence of what works. 



Goals and 



Objectives 

GOAL 1. Increase the number, quality, 
and persistence of individuals in 
careers relating to science and 
mathematics, and educate citizens 
H'otmderstand the role of science 
and technology in their world. 
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I ant tirei of hearing about 
studies and analyses oi the 
current problems this nation 
faces in science and technoiogY. 
Wel(now what worlcs. lei's stop 
studying the problem; let's 
move from analyses to action! 

" Representative Robert A, 
Roe, 1989. 



IX 



A. To kindle ihc interest of all stu- 
(lenltt in scienn* and malliemalics. 

B. To f<)(!us fiicully and inslitulional 
energy on student learning. 

C. To increase the total number of 
studenlh, (ts[)eeially women and 
minorities, eomplelin^^ (he 
baeealaureate degree in science 
ami mathemalies. 

I). To pn)m()te the professional 
development of those who teach 
soienee and mathematics at all 
educ'i*'onal levels. 

GOAL. . hiomote understanding 
of **whal works'* in teaching and 
learning undergraduate science 
and mathematics. 

A. To foster the (l(»veh>pnient of 
learning communities for the 
study of the natural sciences 
and mathematics, 

B. To promote an investigative*, 
hands-on curriculum. 

C. To <lot!ument and strengthen 
the crilic^al link between faculty 
seholarshi[) and teaching. 

IJ. To advocate the teaching of 
science, mathematics, and 
technology in context- empha- 
sizing connections across the 
curriculum and im[)acts on 
contemporary life. 

GOAL 111. Incrt^ase recognition of 
and support for the (essential role of 
the liberal arts colleges in meeting 
the challenges face*d by our nation 
in science and technology. 

A. To ensure that the contributions 
of liberal arts institutions are 
taken into account in the 
development of national policy 
on education and research in 
science and technology, 

B. To develop coherent, long-range 
plans at the institutional, 
regional, and national levels to 
sustain the contributions of 
liberal arts colleges. 



C To build partnerships among 
all those committed to 
slrenglheninfi undergraduate 
science and malbematies. 

1). To develop strategies for 
dissemination and evalualion 
of **whal works.*' 



Where To Start 

There is much to do, but these 
initiatives must ree(Mve tlu^ highest 
priority over the next five years: 

♦ Kevitalize introductory under- 
graduate courses in science and 
mathemalies. No reform in 
undergraduate science and 
mathematics education is more 
urgently needed. 

Wt* rocominend snhstantial 
expamion of support for faculty 
development, curriculum 
innoratiorh instructional 
equipment, and science 
facilities that focus on building 
communities of learners for first- 
year un -^^rgradnate science and 
mathematics students, both 
prospective majors and 
general students, 

♦ Support an integrated role for 
faculty as teachers and scholars 
within the community of learners. 

Wo recommend a wider range 
of research and enhancement 
oj) porta n ities for u n dergra du at e 
faculty at alt career stages, 
to be awarded btoied on 
determination of the impact that 
such support would have on 
stre n gl h en ing u n dergra duate 
science and mathematics. 

♦ Incorporate guiding principles 
of *'what works* into existing 
programs for teacher preparation 
and enhancement. 



W<* recommt'iKl that national 
efforts to reform pre-coilegiate 
science and mathematics 
education recognize liberal arts 
colleges as an essential resource 
that can make a unique 
contribution to the national 
reform effort. 

♦ Forge partnerships to supfmrl 
creative and effective reforms. 

We recommend the develop- 
ment of mechanisms, including 
computer networks and regular 
regional meetings, to link 
individuals and institutions — 
including federal and state 
agencies, private foundations, 
busines,s, inchustry, and 
schools — in new clusters 
to focus on the process of 
strengthen i ng u n dergra duate 
science and mathematics. 

♦ Support capita' needs for science 
facilities and equif)ment 
appropriate to an active 
community of learners. 

We recommend expansion of 
programs that support facilities, 
laboratories, computers, and 
scientifix: equipment that are 
of vital importance to effective 
science and mathemaHcs 
education at the under- 
graduate level. 

These suggestions Represent a 
modest hut essential beginning of a 
ten to twenty-year effort to transform 
undergraduate science and mathe- 
matics education in America. Th(*y 
tell us where to start — with a focus 
on introducton* courses, on the role 
of faculty, on teacher preparation 
and enhancement, on partnerships, 
and on facilities. The following 
letter from the Kxeculive and 
Advisory Committees to Dr. \Valt(*r 
Massey presents recommendations 
for the leadership role of the NSF in 
addressing these initiatives. 
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Projecl Kaleidoscope 
Suite i205-ICO 

1730 Rhode Island Avenue N,W, 
Washington, D.C 20036 



On behalf of nay colleagues on the Executive and Advisory Committees of Project Kaleidoscope, it is a 
pleasure to communicate with you in your first weeks as Director of the National Science Foundation. Project 
Kaleidoscope has been an extended effort involving presidents, deans, and faculty in mathematics and the 
natural sciences from the nation s liberal arts colleges and other predominantly undergraduate institutions. 
We. received NSF support from the Education and Human Resources (EHR, Directorate — Division of 
Undergraduate Science, Engineering, and Mathematics Education (USEME), with additional grants from the 
Exxon Education Foundation. The Pew Charitable Trusts-, the Kellogg Foundation, and the Camille and Henry 
Dreyfus Foundation, 

Our charge was to outline a plan for the coming decade for undergraduate science and mathematics education 
in the liberal arts setting; our report presenting this plan of action, "What Works: Building Natural Science 
Communities," will be published in June. We recognize that the NSF must take the leadership role if the 
nations problems in undergraduate science and mathematics are to be addressed, and present here fervour 
consideration our recommendations that pertain specifically to the NSF. This letter will be included in the 
report and thereby become part of the formal record of Project Kaleidoscope. 

We began our work in the fall of 1989 convinced that undergraduate science and mathematics must be 
strong if the challenges facing this country are to be met — if we are to have 1) an educated citizenry that is 
scientifically and technologically literate, 2) adequate numbers of well-equipped scientists and mathematicians 
for the nations academic and research communities, and 3) scientifically. competent and confident primary and 
secondary school teachers. A strong undergraduate sector is critical if this nation is to attract more women and 
minorities into science and mathematics. 

Both the forthcoming report and the Project Kaleidoscope National Colloquium, held at the National Academy 
of Sciences on February 4 and 5, 1991, have been based on our experience and anaWbis of undergraduate, 
programs that succeed in attracting and sustaining student interest in science and mathematics. Over 600 
persons participated in the National Colloquium, representing colleges and universities from across the 
country, federal and private funding agencies, and educational associations. Dr. Frank Press, in his welcoming 
remarks, called it perhaps 'he most impoilant gathering at the Academy in twelve months. Our report will 
include summaries of colloquium activities, including presentations by Dr. James L. Powell, Congressman 
(ieorge K. Brown, Jr., and Dr. D. Allan Bromley. 

Wi? applaud vour commitment to " . . . strengthen the research base and infrastructure and improve science 
education and opportunities for all students . . as expressed in your recent Congressional testimony. We 
believe liberal arts colleges and other predominantly undergraduate institutions offer an ideal venue for reform 
efforts. Because of their 5i;:e — small enough to make change possible, their institutional commitment — strong 
enough to make change likely, and their proven record of productivity, these institutions provide an excellent 
place from which to start the reform of undergraduate science and mathematics. 

This reform should be based on a clear understanding of ivhat works. We are convinced that science and 
mathematics education works wherever it takes place within an active community of learners, where students 
work collaboratively in groups of manageable size, and where faculty are deeply committed to teaching, 
devoted to student success, and convinced that all students can learn. It works where learning is active, hands- 
on, investigative, and experienliak and where the curriculum is rich in laboratory experiences, steeped in the 
methods of scientific research as it is practiced hy professional scientists. This approach works for women, for 
minorities, for all students. 



May 1, 1991 




Dr. Walter V.. Massey, Director 
The National Science Foundation 
Washington, D.C. 20550 

Dear Dr. Masse v: 



We are convinced that the success of predominantly undergraduate colleges in^ttracting, retaining, and 
graduating persons who go on to science and mathematics careers and who become scientifically literate 
citizens can be traced directly to this approach. You and your colleagues in the federal sector can be assured of 
our intent to be active partners in the national effort to strengthen science and mathematics Ht all educational 
levels. Four initiatives must receive highest priority in the immediate future if this approach is he implemented 
in schools and colleges across the countr>'. The recent FCCSET report is consistent with these initiatives. 

INITIATIVE I. REFORMING THE INTRODUCTORY COURSES IN UNDERGRADUATE SCIENCE AND 
MATHEMATICS. 

INITIATIVE II. SUPPORTING THE INTEGRATED TEACHER/SCHOLAR ROLE OF UNDERGRADUATE 
SCIENCE AND M ATHEMATICS FACULTY. 

INITIATIVE III. MAKING DISCIPLINARY CONTENT AND ACTIVE LflARNING CENTRAL TO THE 
EDUCATION OF K.12 TEACHERS OF SCIENCE AND MATHEMATICS. 

INITIATIVE IV DEVELOPING PARTNERSHIPS FOCUSED ON STRENGTHENING UNDEIiGRADUATE 
SCIENCE AND MATHEMATICS. 

You will find specific recommendations for the NSF in relation to these initiatives in the accompanying exhibit. 
Although each is described separately, there is a strong relationship among these four initiatives — each 
dimension of the undergraduate effort must be considered integral to the whole. Efforts will not succeed if the 
reform of introductory' courses is seen as separate from faculty enhancement activities, or if teaching and 
research are seen in competition with each other rather than as integrated responsibilities of the undergraduate 
faculty member. Furthermore, such efforts will be unproductive if advances in scholarship, technology, and 
pedagog)' are not linked explicitly to progiams for instrumentation acquisition and curriculum development. 

In each of these initiatives, careful attention must be paid to under-represented groups in science — women, 
minorities, and handicapped ~ whose lives would be enriched by greater achievement in these areas, and 
who would in turn make a significant contribution to the 1' es of us all. This \> one reason why, in Project 
Kaleidoscope, there is strong participation of faculty and administrators from Historically Black Colleges 
and Universities. Everyone has much to learn from their successes. 

We dij not expect the NSF to meet all the needs of undergraduate science and mathematics with grant support: 
however, we do look to the NSF to set the parameters by which reform efforts are to be undertaken, evaluated, 
and disseminated, and to do this in concert with the community it seeks to ser\'e. The graduates of institutions 
for which we speak have made and can continue to make a significant contribution to the nation s scientific 
infrastructure — as citizens, and as members of the academic and scientific communities. The liberal arts 
colleges need to be at the table as policies and programs affecting undergraduate science and mathematics 
are considered. Congressman Brown emphasized this in his presentation at the Project Kaleidoscope National 
Colloquium, saying that reform efforts need financial support, but more important, they need an environment 
in which people collaborate in working toward mutually agreed-upon goals. 

Our work builds on that of many others — the National Science Board [The 1985 Neal Report], the work of 
the "Oberiin 50 Colleges." the Council on Undergraduate Research, and the member institutions of The 
Independent Colleges Office — in the effort to help focus attention on the significance of the undergraduate 
academic experience in the science and mathematics pipeline. We recognize that considerable progress has 
been made, and are grateful to Drs. Bassam Shakashiri. Luther Williams, and Robert Watson for their 
leadership. However, one challenge you face is to bring a clearer focus to undergraduate activities within 
the Foundation. We look to the NSF to mount a sustained effort to strengthen undergraduate science and 
mathematics, and urge you not to abandon programs before they have had time to work. It takes time to 
accomplish effective change. 

Bevond the initiatives presented here, tliere are further issues we believe must he addressed. 
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First, a concern is that current discussions — about the relationship of teaching and research, about balance 
l)etween big science and little science, as well as balance between educational sectors — may not be informed 
by a clear understanding of what the predominantly undergraduate institutions have to offer. An analysis of . 
the membership of NSF policy and advisory boards reveals that predominantly undergraduate institutions 
generally, and liberal arts colleges specifically, are under-represented, given the disproportionate contribution 
these institutions make to the national scientific and educational enterprise. To meet the national goal to attract 
more students into science and mathematics, NSF support must be available to all sectors of the collegiate 
community that have documented productivity in the education of scientists and mathematicians. If this is to be 
accomplished, representatives of all such sectors must participate as policies and programs are developed. 

Equally important, data analyzed by NSF should highlight sector by sector productivity — disaggregated by 
gender and race — as a basis for establishing policies and programs. Procedures should be put in place to 
gather such data systematically, within the context of grant applications and reports, as well as through normal 
research mechanisms. Over the long term, these would help to document the effectiveness of reform efforts 
across the board and within the different sectors. ' ^ 

A final concern relates to facilities. The magnitude of the facilities deficit at predominantly undergraduate 
institutions is known to us all. If needed reforms are to be made in introductory courses and meaningful research 
opportunities are to be provided for faculty and undergraduate students, our faciHties must accommodate such 
reforms and programs. It is hard to imagine how predominantly undergraduate institutions across the country 
are going to tackle successfully the pressing facilities problem without the NSF as a major player. With its peer 
review process exerting quality control — eliminating pork barrel decisions about academic priorides — and 
with the leverage its support can bring as colleges seek funds for facilities from other sources, a faciHties 
program at NSF is critical. The recent NSF program for facilities modernization (RFO) was a promising 
beginning; we regret that this program is not included in the current NSF budget request. Of particular value in 
the RFO program was the formula distribution of funds between educational sectors. This was a clear signal 
that each sector had much to contribute to the total national effort; this model should be continued as further 
NSF programs for facilities and for major instrumentation are planned. 

We urge the NSF to take a leadership role on the facilities issue, and join with Congress and the nation's 
colleges and universities to determine how to balance the infrastructure needs of all sectors of the research and 
research-training communities. The current plan to provide support for major research instrumentation rather 
than for research and research-training facilities does not address the need for better balance in NSF support to 
the different sectors of the community. It would be particularly'helpful if the NSF would establish a multi-year 
facilities program linked to course and curriculum development and the acquisition of instructional 
instrumentation. Colleges and universities could then build such an NSF program into their long-range plaris 
for facilities modernization. A study of the needs of the undergraduate sector for teaching, research, and 
research-training facilities would assist in developing the necessary long-range plan. 

Finally, let me say that all of us involved in Project Kaleidoscope look forward to working with you 
and your colleagues at the National Science Foundation to make this nations science and mathematics 
enterprise one of the highest quality. We thank the National Science Foundation for the support that 
made our work possible. Warm regards. 

Sincerely, ■ 
Daniel F. Sullivan 

Chair. Project Kaleidoscope Executive Committee ' 
President. Allegheny College 

Exhibits: A. Initiatives and Recommendations 
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INITIATIVE 1. REFORMING THE 
INTRODUCTORY COURSES IN 
UNDERGRADUATE SCIENCE . 
AND MATHEMATICS. 

♦ Recommendation #1: 
The FY 1993 Budget Request 
for Instruetionad. Laboratory 
Equipment be increased to $33 
million, with a continuing focus 
on introductory courses. 

♦ Recommendation #2: The FY 
1993 Budget Request for Course 
and Curriculum Development 
include an $18 million outlay 
for local improvements in intro- 
ductory courses at colleges and 
universities, in addition to the 
outlay for comprehensive programs." 

♦ Recommendation #3: These 
programs be housed, along with 
their budget authority, within 
USEME, with an administrative 
structure that addresses the need to 
coordinate programs and policies 
^with the research directorates. 

The transformation of introductory 
courses must be NSPs highest 
undergraduate priority over the next 
five years. A significant body of 
.research and our own experience 
confirms that the first year of 
college is the po'mi of a critical 
drop-off in numbers of students in 
science and mathematics courses. 

Students acquire and confirm 
lifelong beliefs and aittitudes about 
science and mathematics in their 
introductory courses. This is where 
•they make the decision whether or 
not to major in these fields, whether 
or not to take further courses, 
whether or not it is important to be 
literate on science issues. When 
these courses are dull, consisting 
mainly of lectures and canned labs, 
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when they keep students isolated 
and passive, and press on at 
breakneck speed for the sakex)f 
* "coverage," when they are too big 
and faculty members are'unwilling 
to support each student's progress, 
they slam the door on the positive 
attitudes toward science. The final 
formal experience of learning 
science is often one of frustration 
and failure. Courses labeled 
introductory' turn out to be terminai 

Our own experience validates that 
the introductory course can be a 
pump instead of a filter. Introductory' 
courses can give first-year students 
the pleasure of discovery and the 
opportunity to construct personal 
understanding of science and 
mathematics at a critical stage 
in their academic career. 

The recommended funding levels 
giveVi above are consistent with 
those in the Neal Report; they 
address the demonstrated interest 
at the local level to strengthen 
undergraduate programs, and they 
establish a'more equitable balance 
in NSF support for research and 
education programs. 

Several hundred proposals, 
requesting over $200 million, 
were submitted to NSF for the first 
competition of the expanded Course 
and Curriculum Program, exclud- 
ing proposals in Calculus and 
Engineering. The available funds 
through USEME, for all disciplines, 
was S14 million. A similar level of 
interest is evident in the Instructional 
Laboratory Improvement (ILI) 
program, where each year proposals 
reviewed request almost four times 
the funds available from NSF. We 
are particularly concerned that 
the College Science Improvement 
Program (CSIP) — the ILI component 
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for predominantly undergraduate 
institutions — has been level 
funded for the past three years. 

We ask you and your colleagues 
to consider a new program for 
departmental development of lower- 
division courses — one that would 
include support for instrumentation, 
development time and supplies 
for new curriculum, and faculty 
expansion and enrichment 
opportunities. Such a new program 
would emphasize again the integral 
relationship of each of the parts 
of the undergraduate academic 
experience in science and 
mathematics. Moreover, it would 
establish a means by which the 
experiences and resources of 
, predominantly undergraduate 
institutions can serve as models 
for stren^hening undergraduate 
science and mathematics. 

In all of thes^ programs, one 
criterion in determining grants 
should be the impact that an 
award will have on attracting and 
sustaining student interest in 
science and mathematics, A more 
targeted focus on courses for 
science literacy for all students 
should be announced, perhap" 
supported jointly-between th' NSF, 
the National Endowment for the 
Humanities, and the Fund for the 
Improvement of Post-Secondar)' 
Education. The means by which 
the impact of the proposed projects 
wo.uld be evaluated and by which 
their activities would he dissemi- 
nated to the larger community 
should also be a review criterion. 

Parallel to the recommendations 
of adequate funding levels and 
expanded programs, we recommend 
that the NSF establish a budget line 
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item for these programs, and hold 
a single ollice accountable for 
coordinating the distribution of 
grant funds. We recognize NSF s 
(^urrent rationale for cross- 
directorate programs; however, 
funds ^'targeted" within research 
directorates for undergraduate 
programs have often become the 
first casualty when available funds 
for research are not adequate. If 
we are to move with all deliberate 
speed to achieve the essential 
reformation in introductory courses 
at the undergraduate level, there 
must be within NSF a strong, highly 
visible office where these programs 
are initiated, integrated and 
coordinated. We believe that cffice 
should be USEME. 

INITIATIVE 11. SUPPORTING 
THE INTEGRATED TEACHER/ 
SCHOLAR ROLE OF UNDER- 
GRADUATE SCIENCE AND 
MATHEMATICS FACULTY. 

♦ Recommendation #4: 
The Research Experiences for 
Undergraduates (REU) program be 
expanded so that more students 
from liberal arts institutions can 
be provided the opportunity to do 
research at their home institutions 
and to allow REU Supplements to 
be used flexibly to support student- 
faculty research in predominantly 
undergraduate institutions, 
especially for those groups under- 
represented in science. 

♦ Recommendation #5: The 
programs for undergraduate faculty 
suf)porting professional growth, 
including research and other 
scholarly activity, be strengthened 
and broadened. 

The hands-on. discovery-based. 
lab()rat()r\'-rich approach we 
advocate requires that teaching 
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facultv be actively engaged in 
scholarship. Faculty active in 
scholarship foster a culture thnt 
enhances the community of. 
learners; these faculty are often 
the most productive leaders in 
curriculum reform and laboratory 
improvement efforts, locally and 
nationally. Faculty active in 
scholarship are the most effective 
role models for students, and 
faculty-student research partner- 
ships have been shown over and 
over to be a critical pump in the 
career pipeline. The distribution 
of revised Important Notice#107. 
which requires researchers to 
document the *\ . . effect of the 
proposed research on the 
infrastructure of science and 
engineering . . was a welcome 
step in recognizing that teaching 
and research should'be integrated 
activities in the nation s colleges 
and universities. 

We strongly support the REU 
progra^m. However, because of, 
the level of funding, only a small 
fraction of Site awards presently 
can be used to support students at 
their own institutions. This has 
discouraged significant numbers 
of highly qualified departments at 
undergraduate institutions from 
applying. Just as graduate 
departments use this program to 
recruit students to aUend their 
graduate programs, undergraduate 
departments should be given the 
resources to use this program to 
recruit students into science 
and to retain them in science, 
mathematics, and engineering. 
The most successful graduate 
students are those who have a solid 
grounding in research techniques 
— who know what science is about. 
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The on-campus research programs _ 
of undergraduate faculty are sup- 
ported through the NSF Research in 
Undergraduate Institutions 
(RUI) program. Maintaining and 
enhancing this valuable program 
is critical to the overall effort of 
strengthening the undergraduate 
academic experience. Given its 
distributed nature, strong oversigh* 
of RUI by a single' office must be 
reinstituted to ensure that the 
importance and distinctive 
characteristics of undergraduate 
rt;search continue to be recognized. 
V.V further recommend that you and 
your colleagues consider a simpler, 
streamlined award system for 
small-scale individual grants for 
undergraduate faculty. In addition, 
we recommend investigation -of a 
modified program of start-up grants 
for undergraduate faculty, with 
criteria similar to those within 
the current Presidential Young 
Investigator Program, but at a level 
of support more appropriate to 
the needs and scale of research 
of faculty at predominantly 
undergraduate institutions. 

We recommend further that the NSF- 
establish a faculty development 
program that would support faculty 
exchanges between strong under- 
graduate institutions. In our studies 
we have found many successful 
teacher scholars in undergraduate 
insti itions who can serve effec- 
tively as mentors and role models 
for colleagues at other undergraduate 
institutions. A program of faculty 
exchanges would provide important 
opportunities for joint curriculum 
development based on disciplinary,, 
technological, and pedagogical 
advances. It would also assist in 
the development of partnerships 
working together toward the 

XV 
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common goal of strengthening 
the undergraduate experience in 
♦science and mathematics. This 
aviard would parallel the cunent 
ROA program which enabl 
undergraduate faculty ineinht to 
do research at major universities. 

The Neal Report recommended 
that the NSF spend $17 r.^illion 
by 1991 for programs focused on 
the enrichment of undergraduate 
faculty. The 1992 budget requesl 
for the Undergraduate Facuhy 
Enrichment program, though 
increased over past years, is $6 
million. This is inadequate. Vie take 
400 as the base number of science- 
active undergraduate institutions. 
If the NSF is to have an impact at 
such institutions across the countr)', 
support for faculty enrichment 
programs must be expanded. 

INITIATIVE III. MAKING 
DISCIPLINARY CONTENT 
AND ACTIVE LEARNING 
CENTRAL TO THE EDUCATION 
OF K-12 TEACHERS OF 
SCIENCE AND MATHEMATICS: 

Recomtnendaiion #6: NSF 
priorities for the pre-coHege sector 
include encouraging colleges to 
redirect the structure and content of 
their tea-^^her preparation program> 
to focus ri\ore directly on science 
and mathematics — utilizing an 
active, investigative, hands-on, 
content-based approach. 
♦ Recommendation #7: NSI' 
support a wider range of pre- 
and in-sen'ice activities for 
K-12 teachers, making use of 
the resources oi all colleges with 
strong undergraduate programs in 
science and mathematics. 
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The single most important deter- 
minant of what elementar)' and 
secondan- students learn in science 
and mathematics is how much their 
teachers know. Teacher preparation 
must include substantial, deep 
exposure to the content of subjects 
they will eventually teach. Teachers 
for the nations K-12 community 
must have pre-service and in- 
ser\'ice involvement with a hands- 
on, laboratory-rich, active learning 
ex[)erience with science and 
mathematics. This must he the 
wav they are prepared iti their 
undergraduate courses, another 
reason why NSFs first under- 
graduate priority must be reform 
of introductor\' courses. 

In setting NSF priorities for K-12 
programs, we urge you to recognize 
that undergraduate colleges, 
particularly thosc^ in the Carnegie 
Liberal Arts I classification, 
graduate high percentages of iheir 
students with majors in science and 
mathematics. These colleges, whose 
faculty are committed to the hands- 
on approach to learning, are natural 
sources of a substantially increased 
stream of firoperly educated science 
and mathematics teachers. These 
colleges are also excellent resources 
for the development of new materials 
for science and mathematics at the 
pre-collegiate level. 

A large number of the colh^ges for 
whom we speak ha\e entered into 
formal and informal partnerships 
with schools, bringing teachers U\ 
campus as research associates, 
and providing opportunities lor 
teachers to gain new understanding 
aboul disci[)linar>' advances and 
pedagogical ap|)roaches. \[ is clear 
from the workshops at the* Project 
Kaleido fop(^ National Colloquium, 
that the potential is great for 



effective collaboration in faculty/ 
teacrher development opportunities 
and in the design of new materials 
for the elemental*)' and secondary 
levels. These cooperative opportu- 
nities should be expanded, 
including: their incorporation into 
REL projects, and expanding the 
KOA program to include K-i2 
teachers. We see education as a 
seamless web." and the undergrad- 
uate sector as a key strand in the web. 

INITIATIVE IV. DEVELOPING 
PARTNERSHIPS FOCUSED 
ON STRENGTHENING 
UNDERGRADUATE SCIENCE 
AND MATHEMATICS 

♦ Recommendation #8: The 
NSF provide opportunities for 
regular national and regional 
colloquia to discuss what works 
in undergraduate science and 
mathematics education. 

♦ Recommendation #9: NSF 
guidelines outline specific criteria 
relating to partnerships between 
schools and colleges, colleges and 
universities, and colleges and the 
private sector, focusing on faculty 
and curriculum development 
activities, evaluation and 
dissemination. 

♦ Recommendation #10: 
Discussions about the proposed 
super computer highway include* 
linking undergraduate science and 
mathematics faculty so that the) 
can communicate regularly aboul 
research and teaching interests and 
have access to regional and national 
computing centers. Pre-college 
teachers of science and niathe- 
matics also should be linked to 
this hig hway. 
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It is clear that each sector of 
the science and mathematics 
education community has a unique 
contribution to make in addressing 
national goals; it is equally clear 
that we can accomplish more by 
working together than by working 
separately. The NSF has the ability 
to develop and sustain such 
working partnerships on a national 
basis, and to model within its own 
structure how such partnerships can 
be developed and sustained. 

The success of many of the current 
networks supported by the disci- 
plinary organizations, educational 
associations, private foundations, 
and corporations, demonstrates that 
there are significant numbers of 
persons who are ready and prepared 
to work together to strengthen the 
nation s scientific and educa- 



tional enterprise. The Project 
Kaleidoscope National Colloquium 
was another strong demonstration 
that there is a growing national 
consensus about what works in 
science and mathematics and a 
commitmenj. to get on with the task 
of improving the programs for which 
we are responsible. We recommend 
that the model of the Project 
Kaleidoscope National Colloquium, 
bringing together institutional 
teams — including presidents, , 
deans, faculty members and 
development officers — be 
considered in the planning of 
further colloquia, - 

Level of NSF funding is not the only 
way to identify strong programs. The 
networks to be developed should 
include r^'^presentatives from all 



segments of the educational 
community. These networks should 
have at their center those colleges 
and universities that have a 
-demonstrated productivity in under- 
graduate science and mathematics. 

As one example, with support from 
the Kellogg Foundation, there was a 
large representation at the National 
Colloquium from the Historically 
Black Colleges and Universities. 
Their contribution during the 
colloquium was significant; equally 
significant, we hope, are the' • 
connections that were made for 
cooperative efforts in the coming 
months and years. 
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Table 2. FY 1988, 1989, and 1990 Actual Eipenditures, 1991 Current Plan for NSF Undergraduate Programs (dollaniiUhousdnds) 
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FORMING NATURAL SCIENCE COMMUNITIES 



National Context 

In 1983 -A Nalion at Risk"* 
awakened this counlrv to serious 
})rol)lems in its educational system. 
Tliis alarm, like the one sounded 
twenty-six years earlier l)y the 
beeping of Sputnik, drew particular 
attention to deficiencies in learnin^j 
science and mathematics, indeed, 
dozens of reports and studies during 
the past six years have affirmed that 
Ihis nation has deep-seated problems 
of equity, quality, and quantity in 
science and mathematics education: 

♦ An alarmingly low level of 
s<Mentific and technological literacy 
in the general population. 

♦ A projected critical shortage of 
well-e(juipped scientists, 
mathematicians, and engineers. 

♦ Severe inequities in the access 
of minorities and women to scienct^ 
and mathematics fields. 

The rising concern over our nation's 
shortcomings in science and mathe- 
matics education established the 
context for Project Kaleidoscope. 
(Current studies document numerous 
challenges facing the entire 
educational continuum, reaffirming 
the necessary connections l)etween 
schools, colleges, and universities. 
- 4 

The U.S. education enterprise, 
particularly in mathematics, 
physical sciences, and 
engineering, is seriously 
under-performing. 



These studies al.so project the 
substantial investment required 
if undergraduate science and 
mathematics is to l)e strengthened 
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()\er the lonu *'rni. We r'\U' here a 
few indicators of the distressing 
state of science education: 

♦ National assessments show that 
only al)out 77( of L'.S. adults and 
about 20% of college graduates are 
literate in science. 

♦ The number of entering college 
freshmen planning to major in phys- 
ical scienc'es declined I)y619f in 

1 6 vears. (wm 7.3% in 1967 to 2.4% 
in lOa'J. 

♦ Tlie percentages of Ph.D.'s in 
the mathematical and physical 
sciences awarded to Americans has 
declined significantly in the last 
thirty years. The^se percentages are 
now le.ss than 70% in the [)hysical 
sciences. 50% in mathematics, and 
1-5% in engineering. 

♦ Whereas Blacks comprise 12% 
oHhe population, they receive only 
+% of the science and engineering 
baccalaureates and 2%r of 

the doctorates. 

It is clear that the L'.S. education 
enterprise, particularly in 
mathematics, physical s<Mences. 
and engineering, is seriously under- 
performing. Measures of trade 
balances, patent activity, technical 
specialists per capita, and research 
and development expenditures 
reveal that this nation incurs serious 
penalties from these failings. 

This report concerns baccalaureate 
level education in science, 
by which we mean education in 
mathematics and the natural 
sciences — astronomy, biology, 
chemistrv-. geology, and physics. We 
will be only peripherally concerned 
with the social sciences and 
engineering, not be^cause they are 
any less important. l)ut simply 
because the mission of this project 
is to examine the natural sciences 
and mathematics. 



We need action soon. More 
and more, America's 
competitiveness depends 
directly on the men and women 
who develop and apply new 
technologies. Our health 
depends on researchers tinding 
new ways to cure disease. The 
quality of our environment 
depends on scientists and 
engineen finding new ways to 
protect our planet. So many 
of the questions we face 
today require scientific and 
technological answen. We need 
to ensure thai we have the men 
and women [educated] to 
provide those answen. 

- Senator Albert Gore. 1990. 
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The inslitutionat environnient 
clearly matters. Elements of 
students' experiences that 
encourage pursuit of the Ph.D.. 
such as early research 
experience, ;he eiiiphasis that 
[certain undergraduate 
institutions] place on teaching, 
and their small student-iacuity 
ratios, could be replicated at 
other institutions. OTA concludes 
thai to increase numbers of 
Ph.D. scientists and engineers, it 
would be wo^th studying [those] 
techniques ... and encourage 
other institutions to adopt 
similar strategies and values. 

- Office of Technology 
Aasesameni. (OTA) 1988. 



The 

Undergraduate 
Context 

The undergraduate years are 
critical for strengthening our 
nation s science and mathematics 
capacity. It is in college where 
future scientists and college faculty 
are recruited and prepared for 
graduate study: where our nation s 
elementary and t^econdar)' teachers- 
educators of America's youth, are 
equipped; and where tomorrow's 
leaders gain the background with 
which to make critical decisions 
in a world permeated by vital issues 
of science and technology. It is also 
at the undergraduate level where 
many able young people — 
particularly minorities and 
women — decide to discontinue 
their study of science and mathe- 
matics. The residt is a serious 
loss of talent to the service of the 
nation, a loss that we cannot afford 
if we are to remain competitive in a 
global economy. 

Undergraduate education is carried 
out in four sectors of higher 
education. Three sectors comprise 
institutions that offer bachelors 
degrees: private predominantly 
undergraduate colleges and 
universities, public predominantly 
undergraduate colleges and 
universities, and doctorate-granting 
universities. The fourth sector, two- 
vear colleges, enrolls 30% of the 
nation s nine million full-time- 
equivalent (PTE) undergraduates, 
many of whom later receive 



baccalaureates. In this report \\r 
examine science education in the 
independent predominantly uiuh^r- 
graduate schools, a sector that 
includes many historically Black 
institutions and women's colleges. 
Over 85% of the 1 1(K) schools in 
this categor>' have enrollments 
under 2500 and nearly ninety 
percent are coeducational. 

Small, independent liberal arts 
institutions consistently produce 
significant numr)ers of gra(luate> 
who go on to careers in science and 

- - ♦ 

Small, independent liberal 
arts institutions consislenllv 
produce significant numbers 
of graduates who go on to 
careers in science and 
mathematics. 



mathematics. Over the past thirty 
years America s liberal arts 
colleges have produced science 
and mathematics baccalaureates 
at a rate over three times the 
national average. Moreover, their 
graduates earn Ph.D. s in science 
and mathematics at over twice the 
national average (twelve per 
thousand as compared with six per 
thousand on average). Especially 
productive are the 140 private 
colleges in the Carnegie 'iJberal 
Arts r* categor)'. These colleges 
are second only to independent 
Research 1 Universities in the 
rate of Ph.D.s in science and 
mathematics awarded to their 
baccalaureate graduates. The same 
is true for women baccalaureates. 
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Kv(»n more sifiniricanl is the dispro- 
[)()rtionale |)r()(lut'lion oi science 
and niaiheniatics majors !;y these 
undergraduate colleg^^s, Apiin. as 
a percentage of bachelors degrees 
awarded, independent Liberal Arts 
1 colleges rank first overall and first 
in the production of women science 
and tnathematics graduates. These 
colleges, with IWc of the under- 
graduate enrollment, award 
nearly 10^ of the nation s total 
baccalaureate degrees in the 
natural sciences and mathematics. 
In addition, the absolute number 
of urulergraduate science and 
mathematics majors produced by 
these colleges is larger than the 
number produced by independent 



Ues(»arcli I L riiversities. It is 
not uncommon to find liberal arts 
colleges graduating more majors in 
basic sciences or mathematics than 
nearby universities that are ten times 
larger. Among the .smaller institu- 
tions that produce relatively large 
numbers of science graduates are 
women s colleges and Historically 
Black Colleges and Universities. 
This is particularly significant given 
the continued under-representatinn 
of the groups they seiTc, These 
liberal arts colleges are indeed 
highly "science-active." 

These analyses denumstrate clearly 
that aggregate outputs of science 
and mathematics graduates and 



LilxM'al arts institutions 
must be at the table when 
science [jolicy is made. 



Ph.D/s in science and mathematics 
from liberal arts (M)lleges are 
large, because of the high level of 
attention these institutions pay to 
science and mathematics, liberal 
arts institutions make a dispropor- 
tionate contribution to improving 
ihe nation s science and mathe- 
matics education. These institutions 
must be at the table when science 
policy is made in the United States. 




Liberal Arts Colleges 

Research Universities 

Other Doctoral 
Universities 

Comprehensive Colleges 
and Universities 



Xdtural Science Ph.D. 's Earned by (Iniduates 
of Each T\i>e of Insiiiulion, Xnmhera^f 
rh,l). 's Per I. ()()() (Iraduaies. 



Liberal Arts Colleges 

Research Universities 

Other Doctoral 
Universilics 

Comprehensive Colleges 
and Universities 




\atural Science Ph.D. 's Earned hy Women 
i/raduates of Each Type of Institution. Sumber 
iifPh.D.'s Per IJJOO Women (Graduates. 



Liberal Arts Colleges 

Research Universities 

Other Doctoral 
Universities 

Compreiiensive Colleges 
and Universities 



Mathematics and Science Baccalaurvate 
Decree (Granted hy Type of Institution. 
Science Degrees Per 100 (Graduates. 





Mathematics and Science Baccalaureate 
Degrees Granled to Women h) Type of 
Institution. Science Degrees Per 100 
Women Graduates. 



liberal Arts Colleges 



Research Universities 



Other Doctoral 
Universities 



Comprehensive Colleges 
and Universities 



(Jlspanic ' 'ii. 



Black 7 



Hispanic 9 




Hlspanra'S 



Hispanic Q 



Mathematics and Science Baccalaureate 
Degrees (Granted lo Black and UUpanic 
(Irad nates by Type of Instil ut ion. Science 
Degrees Per 100 Black or Hispanic Graduates, 



" ICO ' PKiL: Departmpnt of 
l\du ca t io n Dat a ; . V RC Data. 
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I believe a liberal education is 
an education in the root 
meaning of liberal *- libei; 
"fiee"- the liberty of the mind 
to explore itself, to draw itself 
out, to connect with other minds 
and spirits in the quest for truth. 
Its goal is to train the whole 
pe5on to be at once 
intelleclually discerning and 
humanly flexible, tough-minded 
and open-hearted; to be 
responsive to the new and 
responsible for the values that 
make us civilized. It is to teach 
us to meet what is new and 
different with reasoned 
judgment and humanity. 

-/I. Bartlrtt Giamatti. l^JHH. 



The Liberal Arts 
Context 

Fiojert Kaleid()sr()[)e focuses not 
just on underpratluale sririicc edu- 
cation, but parlirularly on the 
practice of science and mathematics 
education iu lilxMai arts colleges. 
Our aim is to identify the essenc<* of 
science and mathematics learning 
in the liberal arts colleges, to 
deduce from exemplary practices a 
model of how students — majors 
and non-majors alike — best learn 
science and mathematics, and to 
examine imf)lications of this 
learning model for U.S. policy in 
science tducatioii. We Ixdieve 
concdusions can be drawn fr,mi the 
lessons learned at these liberal av\> 
institutions for a broader set o( 
educational endeavors. 

The anci(*nt tradition of liberal 
education, the core around which 
most universities were organized, 
survives most clearly in the nation s 
small liberal arts (»olleges. These 
colleges emphasize edut^ation for 
life rather than narrow i)reparation 
for a profession. They encompass 
basic studies in a variety of 
traditional disciplines, and they 
insist on study in depth as well 
as breadth. 

Science and mathemalics, comprising 
three of the four courses of the 
ancient Quadrivium, have been 
pari of the liberal arts curriculum 
since it was re-established in the 
medieval Kuropean universities. 
The tradition that even' educated 



p(»rs()n should know science and 
nuilhematics continues strongly in 
most liberal arts colleges lochn. 
Such institutions form a primar> 
repository of successful experience 
in the struggh* *o create a scienlil- 
ically literate citizenry. 

Undergraduate education in our 
nation's liberal arts collegch 
provides students with wide-ranging 
experiences that: 

♦ Kncourage curiositN, intclh^ctual 
adventure, and an affinity for 
(juality and integrity: 

♦ Aim to develop a sense o( the 
whole, of the interconnections 
betw een fields of study and 
larger realities; 

♦ Provide a sense of hodi tlie unil\ 
and diversity of human knowh^dge 
while guarding against narrowness 
of outlook: 

♦ Promote diversit\. skepticism, 
and debate. 

Liberal education, as a college 
president said nn'trntU, "views the 
world as changing, not fixed. It asks 
not only what but why. It insists that 
we make judgments rather than 
have of)inions, that we treat ideas 
seriously, not casually, that we be 
committed instead of indifferent." 

Beciuse of the profoun<l impact that 
the si'ientific enterprise has had on 
almost every' aspect of life over tbe 
last hundred years, broad education 
in the liberal arts and sciences \> 
even inore critical lor pn^senl and 
future generations of students. Not 
onlv has science assisted in creating 
a powerful technology, it has iufiu- 
enced the very way w<* view tbe 
world and ourselves. This argues for 
a well-balanced (turriculum that 
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atlrac'ts umv \HH)p\c inlo scitMuifit' 
prolt'ssions while simuliancously 
providing sludents with a l)r()a(l 
workini^ scicntiric inlclligcMice about 
issu(*s lliai bolli enluiiK^f* and 
threaten the eorulilion of life on earth. 

Liberal arts ec^lleges are places 
where teaching and research come 
together in practice as well as in 
I henry, wlu*re senior professors are 
actively engaged in classroom and 
lal)oralory leachinjj;, and wiiere 
the c(mimilment to leaching is 
supiHJrled by institutional proce- 
dures related to hiring, tenure, and 
promotion. They are distinguished 
by educational environments that 
(lifer students small classes and 
regular study groups. Many of these 
institutions offer students plentiful 
opportunities to work ()ne-on-()n(» 
with faculty, a curriculum that 
strives to b(» lean hut lab-rich, and 
uhundani opportunities for hands- 
on research. Because of their 
traditions, si/e, and lack of 

Liberal arts colleges are 
places where teaching and 
research come together in 
practice as well as in theory. 

bureaucracy, these institutions can 
serve as testing grounds for new 
a|)proaches to teaching and learning: 
they have flexible curricula and 
supfHirt faculty who break away 
from established tlisciplinar\' 
norms. Ijl)eral arts institutions are 
af)pro|)riale settings for innovation 
and testing of new approaches to 
leaching and learning. 



Building 
Connections 

Lil)cral arts colleges have no 
niono[)oly on programs that work in 
undergraduate science education. 
Institutions {)f all kinds liavc 
achieved successes in baccalaureate 
s( i(»nce education; not all inde[)en- 
dent colleges have' succeeded at 
science and mathematics education: 
and even the best eolh'ges have 
failed with certain stU(ients. The art 
of education is nevt-rrasv. Anyone 
who has been involved seriously in 
education kv that one must tleal 
constantly with imperfection even 
while kee[iiing ones (^e on the ideal. 

()v(^r seventy \ears aj^o, Alfred 
North Whitehead offered a critique 
of education that is still useful in 
shedding light on what is wnjng 
with much of today's s^'ience and 
mathematics education. In his 
famous 1917 essay "The Aims Of 
Kducation/* Whitt^head criticizes 
what he termed **inert ideas," ideas 
that '"are merely received into the 
minrl without being utilized, or 
tested, or thrown into fresh combi- 
nations." Tolerance ol inert ideas, 
in Whiteheads (estimation, was die 
prevalent fonn of futility in education 
in his day: it may he also in ours. 

"The solution which I am urging," 
Whitehead wrote, "is to tTadicate 
the fatal disconnection of subjects 
which kills the vitality of our 
modern curriculunu There is (udy 
one subject matter for education, 
and that is Life in all its 
manifestations. Instead of this 
single unity, we offer ... Algebra, 
from which nothing follows: Science, 
from which nothing follows: History 
from which nothing follow^s." 



The fields in which w(» (»ducal(^ 
have advanced and multiplied since 
Whitelu^ads time, but his criticism 
is instructive as we look for clues 
to what works todav. It is still 

♦ - 

The achievement of 
meaning by the learner 
is ahsoiutely essential 
in learning science. 

conrKM'tions that make a science or 
mathematics course interesting, 
mearungful, and exciting, whether 
the connections are to social, 
historical, or [)ersonal contexts, to 
scientific [ihenoniena, or to elegant 
argument and comf)elling logic. 
Students can engage the subject — 
get beyond the tiring experience of 
rote learning — only by "making 
sense" of it throtigh connections. 
The achievement of meaning by the 
learner is absolutely essential in 
learning science. 

Kducators manifest many ways of 
thwarting meaningful learning. We 
do so in our curricula l)y packaging 
science and mathematics in air- 
tight, bite-sized units that are 
"clear" to students, free of messy 
entanglements, and easy to test with 
routine examinations. The methods 
by which the knowledge we teach 
was w(jn are rarely f)resented as fit 
for testing against nature or alterna- 
tive formulations. Seldom are they 
[)resented as relevant to investiga- 
tions in the world or as f)roducls of 
lively personal or hisU)rical dramas, 
hi short, the science we leach is 
not very scientific. 



Many laclors conlrihulr to poor 
learning and low inl(^rpsl in science 
and mathematics hy American 
students today. Many educational 
environments pose Wi^h risk of 
student failure, especially where 
busy faculty take little time for 
questions from inquisitive students, 
where the faculty reward system 
does not recognize tliat scliolarship 
and teaching are integrally related, 
♦ ' 

Connections make a science 
or mathematics course 
interesting, meaningful, 
and exciting* 



or where spaces inhihit the 
development communities of 
learners, establishing harriers 
between faculty and students. 

Other factors contributing to educa- 
tional weakness have little to do 
with the educational system. Many 
children in our countr\' are losing 
ground. Some are homeless, others 
move often to follow the har\'est. 
and still others are in educational 
systems that approach **me!t-down,"' 
Who among them has a good chance 
lo l)ecome a scientist or mathemati- 
cian ... or a philosopher or a lawyer? 
If colleges and universities are to be 
anything other than institutionally 
self-centered, they must acknowl- 
edge some responsibility for these 
broad societal issues, however 
remote they may be from traditional 
institutional missions. 



Forming 
Communities 

The l}est college science courses, 
from introduclof)" to advanced levels, 
are conceived and run in a partially 
investigative mode. Investigation, 
the natural arena for using and 
solidifying one s knowledge, may l)c 
manifest in open-ended laboratory 
and library projects or in small 
research project*^ made available to 
students. The personal and social 
attributes of learning science in an 
investigative mode extend to the 
vsltole of the student s experience. 
Having professors in undergraduate 
la[)oratories means that they get to 
know their students and their capabil- 
ities exceedingly well. This close 
contact is important in the process 
of becoming a scientist. 

These are the circumstances in 
which students should use scierice 
libraries, computers, laboratories, 
instruments, class materials, study 
areas, anrl class and seminar rooms. 
The great pedagogical payoff of 
having a science building occupied 
and used by students at all hours is 
that they develop a learning commu- 
nity. Advanced students help begin- 
ners learn how to function efficiently 
in their particular campus environ- 
ment. The student network disperses 
knowledge of where materials are. 
how instruments work, what is in 
the li[)rar>', how to use computers, 
and who is an expert on what. Most 
importantly, students receive the 
kind of feedback that engenders the 
confidence and inquisitiveness of a 
secure identity. 

Many liberal arts colleges — 
especially selective co-educational 
colleges, historically Black colleges, 
and w^omen s colleges — have bee:* 



unusually f)roductive of niinorits 
and female baccalaureates, many of 
whom go on to receive doctoratr*> 
in science. The wisdom of practice 
and the prep(mclerance of eviden(*e 
show that the formation of inclusive 
learning communities is the primary 
reason for this success. Both L ri 
Treisman s award-winning work at 
the University of California at 
Berkeley and the experience of 
many Historically Black Colleges 
and Universities demonstrates thai 
creating a learning community is a 
crucial factor in fostering im|)roved 
learning of science and mathematics 
by under- re pre sen ted groups. 

Communities for teaching and 
learning are established also through 
active research and scholarshif) 
embedded in undergraduate sci- 
ence departments. Research helps 
keep faculty members current 
in their fields, professi(»nally 
connected, and psychologically 
rewarded. It also helps to keep the 
instrumentation, facilities, and 
Iibrar\' holdings current hy provid- 
ing a continuing rationale for 
support of these scliolarly tools. 
Scholarship lends priority and 
conviction to the choice of what to 
♦ - 

Vicarious know ledge is nol 
enough: a truly educated 
person should he ahle also 
to generate ideas and 
solve real prohlems. 

teach and how to leach it. It demands 
discipline in a deep sense of both 
^acuity and students. Scholarship 
implies to students thai vicarious 
knowledge is not enough, that a 



Iruly educated person should he 
able also to generate ideas and 
solve real problems. 

Whereas basic research that is 
publishable in mainstream journals 
can be of great benefit to a depart- 
ments educational effort, it is not 
the only type of research that is 
good for undergraduate science 
education. Some productive 
departments have a research or 
honors program oriented strongly 
to student-originated research. 
Results of such research are not 
often published, but asking a 
student to conceive and attack a 
problem is a powerful stimulator 
of interest, especially if faculty 
provide enthusiastic counsel and 
support. Applied research on 
problems related to health, industr>^ 
or environment may also provide an 
arena in which material learned 
in courses is put to work. The 
indispensable thing is that each 
department develop suitable 
opportunities for research and 
scholarship in which both students 
and faculty collaborate. 

Science as practiced in liberal arts 
colleges is generally lean in number 
of courses offered and in formal 
requirements for the major. A 
student aspiring to a career tied 
to the major will fulfill require- 
ments for that career as interest 
quickens. The crucial thing is to 
get the student to start aspiring, to 
enter on the process of learning 
the discipline. This end is best 
served by introductory courses that 
involve investigation and by 
streamlined requirements for the 
major: elaborate majors that 
anticipate every contingency by 
requiring arrays of lock-step 
courses are recipes for (te[)o[)ulate(l 
O departments. Facultv in liberal arts 
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colleges generally concentrate, 
therefore, on making a limited 
number of courses superb, well- 
integrated, and important rather 
than laboring to create a varied 
menu of courses that provides an 
exhaustive sur\'ey of the discipline. 

In summar)'. scif^ u-e instruction at 
liberal arts colleges is a case of 
"less being more." There is less 
formal content in the curriculum, 
less total expertise and special- 
ization in the faculty, and perhaps 
fewer holdings in the library and the 
instrument rooms. Tfiere is. however, 
more exposure of students to real 
science: to the research-like modes 
of taking initiative, figuring things 
out. working with others, asking 
questions and discussing, making 
things work, using the library, and 
thinking and writing critically 
about procedures and results. 



No one believes that NSF, or even 
the federal government as a whole, 
can change American education by 
itself. Our ,f stem of education 
is diffused, witk responsibility 
divided among the states and 
local governments, and public and 
private institutions, as well as 
the federal government ... A 
cooperative effort involving all 
these playen and the students, 
parents, teachers, and others 
directly involved will be necessary 
to really solve the problem. 

- Former NSF Director 
Erich Block. 1990. 



Developing 
Partnerships 

Project Kaleidoscope was created 
as a mechanism to move from 
analysis to action. We began 
with certain convictions: 
♦ The nations leadership role in 
science and technology is severely 
compromised by deficiencies in 
the educational system, and by a 
lack of a mutually agreed-upon 
plan of action for all those who 
must be involved in addressing 
those deficiencies. 
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Dr. Luther 
Williams 

AssUtant Director. Education and 
Human Resources — The Salionai 
Science Foundation. 
Project Kaleidoscope i\ at ion a I 
Colloquium, Februarys, 1991 

There are several "new circum- 
stances'' that affect planning for 
reform of undergraduate science 
and mathematics: 

♦ The President and the nation's 
governors have issued a call for 
immediate and sustained action 
on education. 

♦ Many federal agencies arc 
cooperating to attack the 
problems of education. The 
Federal Coordinating Council 
on Science, Engineering and 
Technology (FCCSET) and the 
interagency Committee on 
Education and Human Resources 
have formulated a single program 
and budget request for FY 1992. 

♦ There is increased formal 
coordination and collaboration 
among agencies such as the NSF. 
the Department of Education, 
and the Department of Energy to 
address challenges facing the 
educational community. 

♦ The National Endowment for 
the Humanities has proposed 
general education requirements, 
which encompass requirements 
in mathematics and the sciences. 



♦ A frequenlly cited Office of 
Technology Assessment (OTA) 
report calls for a coordinated 
approacli to educ^ation from grade 
school to ^^aduate school. 

♦ Congress is showing increasing 
concern for demonslrahle progress 
in reform efforts, enc-ouraging 
comprehensive efforts, even if 
they are radical, as means to 
reach tlie nation s education goals. 

♦ Some members of the science 
and engineering communities 
are concerned that the basic 
research enterprise and 
undergraduate science and 
mathematics education are not 
strengthening one another as 
much as is desirable. 

♦ The explosion of knowledge 
has put great pressure on the 
system. The nature of scientific 
knowledge now demands that 
much more attention be paid to 
areas lying across the lx)undaries 
between disciplines. The indi- 
vidual historic disciplines no 
longer can stard totally alone; 
science education should reflect 
ihese new needs and divisions. 

♦ The non-science students must 
l)e better sen'ed. 

Following up the 1986 studies 
l)y the National Science Board, 
several disciplinar\- groups 
recently considered the state 
of U.S. science education. Their 
recommendations included 
several that reinforce the 
approaches taken by Project 
Kaleidoscope: (a) develof) new 
and improved intro<liiclor\ lal)s 
emf)hasizing "hands-on" 
approaches to excite students. 



(b) give high priority lo creating 
new materials and approaches 
for the introductory courses. 

(c) strive lo improve access to 
careers in science for women 
and under-represented 
minorities, and (d) involve 
undergraduate science and 
engineering majors in research 
experiences as soon as possible. 

In response to the above "new 
circumstances" and recommen- 
dations, the NSF is funding 
programs to develop undergrad- 
uate curricula, expanding the 
Research Experiences for 
Undergraduates Program, doubling 
expenditures for instrumentation, 
opening the program to more 
schools, and starting new programs 
to improve undergraduate 
teaching, and supporting certain 
special initiatives aimed at 
under-represented groups. In 
pursuing its goals. NSF will work 
directly with other parts of the 
federal government in planning 
and executing improvements in 
undergraduate science and 
mathematics. 



♦ Kacli {^{lucalional inslilulion 
needs to <»valuate ils programs 
n^gularly, wilhin the larger eonlexl 
ol national need, to determine 
strengths and weaknesses- and to 
S{»t priorities focused on areas of 
opportunity for distinction that are 
central to its institutional tnission. 

♦ Many institutions have developed 
successful unclergraduate science 
and mathematics programs. These 
institutions can serve as models 
for others in the national effort to 
address the crisis in science 

and mathematics. 

To strengthen undergraduate 
science and mathematics educa- 
tion, many groups — college and 
university presidents, deans, 
science faculty, governing IxKirds. 
representativt^s of federal and stale 
agencies, private foundations — 
must form new partnerships based 
on a strategic plan for reform. 

Such [)yrtnerships would parallel 
similar efforts that arose during an 
earlier challenge to the nation s 
leadership in science and 

♦ 

The challiMiiie is for all ol 
the parlners to join together 
on a eommoniv-aiireed 
slrategie j)lan and then to 
move (juickly from analysis 
to aetion. 

t<*chnoh)gy. One response during 
the l%(rs shock of Sputnik was 
renewed national attention to 
science and mathematics at the 
undergraduate level and the 
consequent awareness of the need 
for concerted efforts to improve. In 
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[)hvsics and cheniistr\'. for example, 
the Sputnik period brought the 
direct mobilization of Nobel 
laureates, research university and 
liberal arts faculty in a major 
effort to revise high school and 
undergraduate introductory courses. 
Similar efforts also took place in 
other sciences. Heavy federal 
investments, mostly from NSF in 
the form of small grants to a large 
number of institutions, supported 
professional growth and refreshment 
of faculty, undergraduate research, 
cuniculum and course improve- 
ment, instrument acquisition, and 
facilities retiovalion. The nation 
became richer be^cause of 
that investment. 

As the nation benefited from this 
earlier investment in undergraduate 
science, so now it is experiencing 
the consf^quences of a generation 
of inconsistency and neglect — of 
erratic support, inadequate plan- 
ning, and divisive argument. After 
the Sputnik surge of federal support 
in the 1960s, NSF support for 
education diminished, moving 
through a precipitous decline at the 
end of the 1970s until educational 
[)rograms for undergraduate 
activities were completely elimi- 
nated in the early 1980s. It is a sad 
reflection on our society that it 
takes a (Tisis. real or perceived, to 
galvanize coordinated efforts to 
support undergraduate science 
and mathematics education in a 
consistent manner. Just as the cadre 
of scientists and mathematicians 
attracted into science careers 
during the 1960s nears retirement 
age, the national need for scientific 
personnel and for a scientifically- 
literate populace has become acute. 



?9 



Kver\'one suffers when efforts for 
reform are piecemeal, faddish, and 
inconsistent; when such efforts 
address single segments of the 
comm.unity or one aspect of the 
scientific enterprise; when "big*' 
science is in conflict with "little" 
science, and when research is in 
conflict with teaching. The chal- 
lenge in strengthening undergrad- 
uate science and mathematics 
education is for all of the partners 
to join together on a commonly- 
agreed strategic plan and then to 
move quickly from analysis to action. 

The Federal 
Government 

Any partnership to strengthen 
undergraduate science and mathe- 
matics must recognize the critical 
leadership role of the National 
Science Foundation. Only NSF has 
the capability and the statutory 
responsibility to build a broad 
consensus on how to improve the 
(quality of science and mathematics 
programs at all educational levels. 
NSFs mandate is to identify areas 
of need, to set priorities to address 
those needs, and to develop, coordi- 
nate, and implement programs that 
address these national priorities. 

The crucial role of NSF in address- 
ing needs on the undergraduate 
level was clearly outlined in a 1986 
Kepotl of the National Science 
Board, commonly known as the 
"Neal Report." This report recog- 
nized that NSF support for under- 
graduate education must be tied to 
a coherent, long-range plan. In 
particular, it recommended that NSF: 
♦ Bring undergraduate programs into 
a better balance with activities in 
the pre-college and graduate areas. 9 



Science grants by recipient type, 1986 

Foundations with total fiivin^ of SI million or more ((housunch of dollars) 
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Organ izatitm • 
S2H.415 
(5.0%) 



(13.4%) 




College or Lni\ersil\ 
S239.120 



Indi vidua! 
837,033 
(8.0%) 



Medical Sch<K)l or 
Medical Center 
SI 03.78^^ 
(22.3%) 

TOTAL: S465.78 MILLION 



' Ineludc-- heallli ()rf:ani/.ali(nis. prolt'sMoiial Micifiir^. and sciericf (irpiiu/atioris. 
Includes indept^rulenl re^fa^rli inslitult^.s. njn.seinii.s. hujiidatiuiis. fducalioiial ccnltTs. and othf? 
()rgani?ati(tns. 
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4^..230 
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' Includes health orfiain/alioris. ()ro!cssional ^(K'ictro. and science orpanizulion^. 

Includes indejMMnlenl research institnlcs. nurseuin>. fotindalions. educational centers, and other 

(ir^an ligations. 
^ includes endowed chairs. 

* Includes scientific pul»Iicnlions. educaliouid litcratiirf'. c(»nlerences. and semrnars. 
"» PurjKise was .lol recorded ni oripir>al data sources and could not he ohlained directh from the rele\ant 
(oundations. 

- Howard Hughes Medicat institute Reftort: 1091 



♦ lnipl(^nienl new programs and 
expand existing ones for the 
ultimate benefit of students in ail 
types of institutions, 

♦ Develop an appropriate 
administrative structure and 
mechanisms for the more effective 
coordination of undergraduate 
programs. 

♦ Support a variety of efforts to 
improve public understanding of 
science and technology. 

♦ Foster creative activity in 
leaching and learning, as it does in 
l>asic disciplinar\ research. 

♦ Stimulate states and the private 
sector to increase their investments 
in the improvement of undergrad- 
uate science, engineering, and 
mathematics education, and provide 
a forum for consideration of current 
issues related to such efforts. 

The Neal recommendations laid the 
foundation for a revitalization of 
undergraduate programs at NSF. 
(Project Kaleidoscope and three 
related projects focused on different 
types of institutions are one outcome 
of these recommendations.) in 
addition to programmatic and 
organizational recommendations, 
the Neal Report recommended a 
significant increase in the annual 
NSF investment in undergraduate 
education. An analysis of recent 
NSF budgets indicates both the need 
for increased funds for undergraduate 
programs and welcome momentum 
in that direction. 

The impact of NSF support at 
undergraduate institutions across 
the countr> can be illustrated b\ 
looking at one NSF program — 
the Instructional I.aboratory 
Improvement F'rogram (ILI). M./dest 
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ill size by research grant standards, 
these grants have helped to 
transform science and mathematics 
departments across the country. As 
significant as the ILl financial 
support for instrumentation is. 
there are further benefits of this 
program. The proposal guidelines 
request applicants to outline a plan 
for improvement that fits into 
institutional, disciplinary, and 
national contexts. Both winners and 
losers benefit from such an exercise, 
and from the subsequent peer 
review process. However, the high 
ratio of proposals reviewed against 
awards made and the relatively 
iiigh scores of rejected proposals 
indicates clearly that the ILI 
program merits an infusion of funds 
if it is to meet its goal of reshaping 
introductory courses by providing 
more effective approaches to labo- 
ratory and field-based instruction. 

The work of the Federal 
Coordinating Committee for 
Science. Kducation. and Technology 
(FCCSKT). tlesigned to coordinate 
the science and mathematics 
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An analysis of recent NSF 
budgets indicates both the 
need for increased funds tor 
undergraduate programs 
and welcome momentum in 
that direction. 



education activities of NSF and 
the Department of Kducation. the 
! epartment of Energy, the National 
Institutes of Health, and other 
mission-oriented federal agencies, 
augers well for the development of 
partnerships at all levels. Of 
particular significance is the 



incn^ase in programs that support 
links between colleges and the pre- 
coUegiate sector. Those interested 
in strengthening undergraduate 
science and mathematics need to be 
alert also to funding possibilities at 
a wide variety of federal agencies, 
including the Fund for the 
Improvement of Post-Secondary 
Education (FIPSE). the National 
Endowment for the Humanities, and 
the Department of Education. 



The Private Sector 

It is heartening to note that in the 
past fifteen years, as federal support 
has ebbed and fiowed. grants from 
private foundations an * corpora- 
tions have moderated the absence 
of stability in federal support for 
undergraduate science programs. 
An analysis of support for a select 
group of science-active liberal arts 
colleges reveals that over the past 
five vears. private support for under- 
graduate science and mathematics 
has greatly exceeded the support 
from federal agencies. There is good 
i-ason to believe that this is true for 
most liberal arts colleges. 

Several private foundation and 
corporation grant programs have 
served as catalysts for much of the 
creative reform that has taken place 
throughout this country in under- 
graduate science and mathematics 
in the past two decades. Some of 
these have been local initiatives, 
with support generated by the 
vision and persistence of a single 
faculty member on an individual 
campus. Other projects, such as 
the Sloan New Liberal Arts 
Program, The Pew Clusters, the 
Howard Hughes Undergraduate 



The importance of private 
philanthropic support, thoughtfully 
applied, can be seen in numerous 
examples of scientific discovery 
and educational improvements. 

- Howard Hughes Medical 
Institute. 1991 , 
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Economy consists not of saving, 
but in selection. 

~ Edmund Burke 



Science Initiative, the Kresge 
Challenge Grants, the Kellogg 
Science Initiatives, and The Keck 
Consortial grants, seek to huild 
structures for systemic change. 

The Research Corporation and 
Petroleum Research Fund of the 
American Chemical Society have 
long served undergraduate institu- 
tions with supf>ort for faculty-student 
research at schools that have limited 
access to federal research support. 
The Camille and Henr) Dreyfus 
Foundation offers individual faculty 
and departments in chemistr}' new 
opportunities for development and 
growth. Significant support for 
summer research for undergraduate 
students has also come from indus- 
trial and corporate sponsors. 



Institutional 
Responsibilities 

This call for action is directed at 
academic institutions, as well as 
at governmental agencies and 
corporate foundations, at faculty 
as well as at presidents, deans, 
development officers, and at those 
who shape policy and provide 
support to implement those 
policies. Our analysis suggests 
the need for a paradigm shift in 
the way colleges approach their 
development activity. It is clear that 
liheral arts colleges forego many 
potential sources of support if 
they do not have someone in their 
development ofllce who under- 
stands science and can speak its 
language. Everyone concerned witli 
collegiate education, including 
development officers, must work 
together to forge new partnerships. 




To make progress in reform o( under- 
graduate science and mathematics, 
colleges and universities need to set 
goals and establish appropriate 
yardsticks by which to measure prog- 
ress tow^ard these goals. Measuring 
the success of efforts to reform 
undergraduate science and mathe- 
matics is not easy; accurate base- 
line data on historic and current 
productivity and on the present and 
future needs of undergraduate 
programs are not readily available. 
Rarely will currently-available 
national, state, or local data l)e 
appropriate to this kind of task. 

One deficiency is thai current data 
on science and mathematics enroll- 
ments and degrees conferred are 
not consistently disaggregated by 
race, gender, or discipline. Another 
is that the diversity of undergraduate 
institutions is nol recognized as 
data are colleclcd. analyzed, or used 
to set policy or e\aluate programs. 

~ ■ - ♦ 

Faculty and administralors 
should consider \uns 
admissions policies. 
curricuUini. student services, 
and physical spaces on their 
campus vSupport or distort 
the development of natural 
science communities. 

As a consequence, national 
programs are often focused loo 
narrowly to addn^ss the broader 
challenges facing the nation. 
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1u measure success from t.lie per- 
>peclive of an iiuliviilual inslilulion. 
faculty and adminislralors should 
consider how admissions pc)[icies. 
curriculum, sludenl services, and 
physical spaces on iheir campus 
support or distort the development 
of natural science communities. 
Individual campus teams should 
analyze the separate facets of su(*h 
communities to see if and how they 
connect in a pattern suitable for 
strate^iic reform. The analysis oi 
needs and accomplishments on 
each single campus should also 
reflect the larger context M natioi^al 
needs and national goals. 

The portrait of leakage in the 
national science and technology 
[)ipeline given on page 77 <'an serve 
as a basis for analysis as science 
and mathematics faculty, deans and 
presidents. camp'»s planners and 
grants officers develop strategics 
and set priorities for reform. Flach 
campus should develop a plan that 
addresses key issues of local 
accountability for scientific and 
mathematical education: 

♦ How does the institutional profile 
(or the undergraduate years 
compare to the national prolileV 

♦ \\ hat is the institution s current 
record of productivity of minority 
baccalaureates in science and 
mathematics? W hat al)out women? 

♦ What would it lake in institu- 
tional commitment to increase 
graduating majors in science and 
mathematics by 2{Wc, focusing on 
women and minorities? 

♦ What institutional commitment 
would it take to graduate women and 
minority science and mathematics 
baccalaureates in proportion to 
their percentage in the population? 

♦ At what points in the science and 
mathematics [)ipeline can this insti- 
tution make the biggest difference? 



Lo( al action by many institutions 
can have significant effect on 
national needs. We urge each college 
and university engaged in under- 
graduate science and mathematics 
education to undertake four 
key actions: 

♦ Restructure introductory' courses 
in science and mathematics for 

all students. 

♦ Set specific goals to increase 
minority and women baccalaureates 
in science and mathematics. 

♦ Kstablish a long-range plan to 
sustain a campus-wide natural 
science community. 

♦ Make formal connections with 
U^achers and students in nearby 
clementar>' or secondary schools. 

We believe that the national 
profile in science and mathemati(*s 
would be greatly improved if these 
things were to happen. We strongly 
urge institutions to address these 
important issues promptly 
and vi";orouslv. 



Some Say It Can't 
Be Done 

Despite evidence of '*what works." 
some faculty and administrators 
argue that education of the sort we 
advocate is more the exception than 
the rule. They sincerely believe that 
it just can't be done: 

( ^{rnciSM: Lean, lab-rich 
curricula cannot he implemented 
without hiring more faculty: this 
approach is just too expensive. 
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After eighteen months of 
looking at the Black students at 
Berkeley, we discovered that 
these students had the wrong 
idea about how to succeed at 
the university. It was as if they 
believed that you can be a 
mathematician or a scientist by 
doing homework responsibly; 
that efiectivelyr the route to 
engineering, to physics, to 
chemistry and mathematics was 
taking a certain number of 
courses from a prescribed list. 

Allot our processing of 
students ... our catalogues, 
advising and our lack of 
interaction with students ... 
reinforced this mistaken notion. 
We came to realize that our 
solution had been to create 
learning cenien and to hire 
others to deal with these 
problems. Of course none of us 
thought to ask 1f they are the 
learning centec what are we!" 
Then we created adjunct 
workshops that didn't actually 
change the structure of the 
counes either. We did not 
think to change the courses 
themselves or more generally 
the capacity of our departments 
to serve our students. 

*" L'ri Treisman 
l^roject K(i leidosvope 
\atirnal Colloquium 
February 4. 1991 
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Rf':SP(mf':: The 'lean*' part of 
"lean and lab-rich" is crucial to the 
success of this model. Some cover- 
age will in fact have to be sacrificed 
to get teaching to be more "hands- 
on," but it is worth it. Testimony 
from those who have tried this 
approach is very convincing: it leads 
to more majors and more students 
taking upper-level science courses. 
We believe that by insisting on a 
lean curriculum, colleges and 
universities can reshape curricula 
without adding faculty. 

CRmciSM: Liberal arts colleges 
are too insignificant to have much 
impact nationally. 

ResfONSE: These colleges are 
major players at the undergraduate 
level. They can have a significant 
impact just by getting better. But 
they can have an even larger impact 
if they use their potential for leader- 
ship to help reform scient'e and 
mathematics teaching at tlie colle- 
giate and pre-collegiate levels. If 
they apply their deeply-rooted 
belief in quality teaching to problems 
of science education, their national 
impact can be substantial. 

CkitICISM: Hands-on. lab-rich 
curricula require small classes, hence 
they cannot work in universities. 

RESPONSE: Some universities 
have already adapted the lean, lah- 
rich. community-based approach to 
introductory courses. Universities 
can choose to do this kind of 
teaching if they wish, it works best 
in small classes, but even large 
classes can benefit from movement 
toward this kind of pedagogy. 



CumciSM: The real problem with 
science and mathematics education 
is at the pre-college level; major 
resouR'es expended at the collegiate 
level would not be cost-effective. 

RESPOySE: Teachers are most 
likely to teach as they were taught, 
not the way their methods courses 
say they should teach. Reform at 
the pre-college level will nei^er occur 
unless changes in college teaching 
occur. The collegiate level demands 
serious, sustained attention. 

CkitiCISM: The capital costs of a 
lab-rich curriculum with pervasive 
computing are too high. 

RespowSE: Even though funding 
has been tight, the National Science 
Foundation (with strong pressure 
and support from the Congress) has 
greatly increased its annual level of 
investment, and there is evidence 
that science and mathematics 
education is becoming a focus 
of support in some states as well. 
Resources have been increasing in 
recent years and could continue to 
do so. at least at the federal level, 
because this need is so small 
relative to other huge budgets. In 
addition, good planning on the part 
of colleges and universities can go a 
long way toward making a success- 
ful case for finding needed resources. 
Sophisticated equipment and 
computing is necessary no matter 
what kind of pedagogy is adopted. 

Criticism: Current faculty 
cannot and will not change to a new 
pedagogv': small college faculty 
don't do sufficient research, and 
research university faculty don't 
care enough about teaching. 

ResP()\SE: The Kaleidoscope 
effort has made it clear that a 
significant number of faculty, in 
institutions of all kinds, arc 



engaged in reform efforts, linking 
teaching and research. Faculty 
development resources can help 
those not now capable of Caching 
in an interactive, context-rich 
manner, and strong presidential 
leadership emphasizing teaching 
can shift the balance at the research 
universities. 

CkiTICISM: Sacrificing coverage 
to achieve depth of understanding 
will reduce student performance 
on standardized tests. 

RESPn\SE: Students educated 
in a lean, lab-rich curriculum will 
perform well even on traditional 
tests because they will reason 
better, solve problems better, and 
think better scientificaily. Moreover, 
the authors of the GKE and other 
exams are modifying them to stress 
the same goals of higher-order 
problem solving, rather than just 
rote knowledge. 

Project Kaleidoscope offers th(* 
nation examples of effective under- 
graduate science and mathematics 
education. Our investigations 
demonstrate the effectiveness of 
lab-rich science taught within a 
learning community. We know 
that it can be done. 
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THE PROJECT KALEIDOSCOPE 
NATIONAL COLLOQUIUM was 
held on February 4 & 5, 1991 at the 
National Academy of Sciences. The 
goals of the National Colloquium 
were to: 

♦ inform the educational and 
scientific communities what 
our project had discovered: 

♦ encourage an atmosphere in 
which more informed decisions 
can be made regarding undergrad- 
uate science and mathematics; 

♦ provide a forum for cross- 
disciplinary dialogue involving 
science and mathematics faculty 
and administrators from 
institutions of liberal learning 
across the country; 



♦ spotlight the national need 
to build and sustain strong 
undergraduate science and 
mathematics programs; 

♦ initiate the development of 
partnerships for continued 
strengthening of undergraduate 
science and mathematics, and 

♦ make a public statement about 
the crucial contribution that 
undergraduate institutions of liberal 
learning make to the nation's 
science and mathematics 
infrastructure. 

Excerpts from four National 
Colloquium presentations follow* 




Dr. James L. Powell 



Introduction. It is a great honor to have been chosen as the first speaker ot 
this irnporlant and timely gathering. This morning I want to cover two major 
policy issues in science: the appropriate balance l)etween teaching and 
research in our colleges and universities, and the impact that funding of Big 
Science is apt to have on Small Science. I will conclude with some specific 
and what I hope will be provocative recommendations. 

Teaching And Research In Colleges And Universities 

In thinking about the relationship between leaching and research, somewhat 
to my surprise 1 remembered a line from (ieoffrey Cliaucer. In The 
Canteroury Tales, he said of the Clerk of Oxenford. "And gladly would he 
lerne and gladly leach." (Chaucer also noted that:*'.. .he jhad] but little gold 
in confre... nowher so bisy and man as he ther nas. and yet he semed bisier 
than he was.") 

Research Benefits Teaching, I like to imagine that when Chaucer referred 
to gladly learning, he was describing the attitude of the most successful 
researchers today. The joy of learning what no one has known before is surely 
the primary motivation of most scholars. 

But what about that Chaucerian connection —"AND"/' He did not say. "(Gladly 
I>earn or Gladly Teach." Is it true that one should be glad to learn, which 
here 1 am equating with doing research. "AND" be glad to teach? To answer 
affirmatively implies that teaching and research are at least complementary'. 

Let me try to show why I think they are that and more. 1 cite three ways thai 
research supports teaching and learning: 

First, faculty who only pass on knowledge that others produce tend in time to 
become out-of-date, and the information they are transmitting becomes less 
and less current and useful. Faculty wh?) are active in research, on the other 
hand, remain engaged with their disciplines — through involvement with the 
peer review process in seeking grants, through reading journals and attending 
professional meetings, and they therefore continually replenish their stock 
of knowledge. They will be the better informed teachers. 

Second, to l)e able to do research today, when all are busy (and indeed, when 
some djo seem busier than they are), requires a dedication that almost always 
is the product of a sincere and deep curiosity. A person with that kind of 
dedication and interest is usually the belter teacher. As Rosovsky says in 
The L'niversity: An Owners ManuaL ... "By far the healthiest and most 
efficient method of fighting burnout is research.'' 

The third point is that when faculty bring students into their research 
projects, the students not only help to make a contribution to that research, 
they also learn firsthand what research is about, and something about the life 
of the researcher. As an old Chinese proverb is alleged to say, "I hear, and I 
forget. I see, and I remember. I do, and I understand." Through participation 
in research, students are able to apply the knowledge gained in their 
coursework. Mathematics, for example, becomes not an exercise, but a tool 
necessary to address a particular research problem. Some students will 
discover that science is the life for them: others will discover it is not: all 
will be better off for discovering this about themselves early on. 



James L Powell. President, 
Reed College 

Director Designate. The Franklin 
In.stitute. Philadelphia 

Project Kaleidosvope 
Sational Colloquium 
February L 1991. 
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Luther Williams, Assistant Director for 
Ednrntion and Human Resources. SSF 
speaking to Colloquium participants. 



Project Ka I e idoscope 
Xational Colhupiium 
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Teaching Boneftts ReHParch. Rosovsky. wrilin^ from Harv'ard. explains 
(eloquently how research benef its both faculty and students at research 
universities. He does not examine whether teaching aids research, but I 
l)elie\e that an ev(Mi stronger case lor this can be made, at institutions 
of all types. 

Kirst is that having to explain ones research to students is a useful and 
Ileal thy <»x(*rcise. A faculty meml)er who cannot make a senior major 
uncierstand at least the l)asic idea of a research problem may not be thinking 
that clearly himself or herself. Many flashes of insight have occurred as a 
researcher attempts to explain a complicated research problem to a student. 
Another Chinese proverb might have said. "I teach, and I learn; I teach 
well, and I understand." 

A second reason is less immediate, but more important: the continual creation 
of new knowledge requin»s a supply of new scholars to whom previous 
knowledge has been transmitted and on which they can build. Tomorrows 
researchers are being taught in todays colleges and universities. Over time, 
therefore, the ultimate purpose of scholarship is served — equally well and 
necessarilv — by both teaching and research. To put this in human terms, 
with few exceptions, behind every successful scientist lies an inspiring 
teacher. For confirmation, read the biography of almost any famous svientisl. 
Or. let us have a show of hands in this room. How many of you can trace your 
interest in science back largely to one key person? In my case, it was Miss 
Frederickson. fifth grade teacher at Knapp Hall in Berea, Kentucky, known 
naturally as "Freddie." 

The I'inal reason I wish to cite is by far the most fundamentab Befo e 
expressing it let me acknowledge that at the undergraduate level, in contrast 
to the graduate, involvement of students in faculty research projects often in 
the short run actually detracts from research productivity. It may take. as long 
or longer to explain a research technique to an undergraduate than it would 
simplv to do it yourselT Yet we must take the time and explain, for this 
simple reason: we are being paid for doing this. Teaching, good teaching, 
thus is the foundation of our academic house. If it is seen as weak, not only 
the foundation, but all that stands upon it, is threatened. 

A profession that needs and wishes to receive continuing support from society 
will have to deliver on its promises, both implicit and explicit. Either through 
tax-based support of public institutions or through tuition at private ones, 
Americans pay colleges and universities to educate the youth of this country. 
It is reasonable of them to expect that professors will profess, and tolerably well. 

Mounting Criticism. Today, however, we must acknowledge a mounting 
perception that, in most of our universities there is a significant imbalance 
between research and teaching. Because of this, higher education comes in 
for mounting criticism, from the public as well as from inside our community. 

Our own national science honor society, Sigma Xi. had this to say in its recent 
excellent report: 

Undergraduate education is trapped in an infrastructure that rewards 
research and denies those same rewards to those fulfilling the mission of 
undergraduate programs. The practices of the research community, college 
and university administrators, state and federal governments and agencies, 
and private foundations have created and reinforced the value system that 
produced and sustained this dichotomy. 

17 
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The National Oiwernors Association, which is working hard on educational 
issues at all levels, states: 

The public has a rif^ht to know what it is getting... the right to know and 
understand the quality of undergraduate education. Tliey have a right to 
know that their resources are wisely invested and committed. 

Research and ihe Government. To find the answer to how the tilting of 
the balance in our universities so strongly in favor of research come about, one 
has to trace the history of the ever-tightening bonds between the American 
University and iUe Federal Government after WWII. The best place to start 
is with Vannevar Bushs famous report, "Science: The Kndle.ss Frontier." 
which was commissioned by Franklin Roosevelt but presented to Truman, 
and which eventually resulted in the establishment of the National 
Science P'oundation. 

Science had become the business of government during the war. and would 
continue to be in peacetime. If not done in the university. m()deni research, 
requiring large facilities, expensive equipment, and teams ol researchers, 
would have to be done either in industrial or in specialized government 
laboratories. These would have the advantage of being able to concentrate 
on specific problems, but they would also have several disadvantages. Both 
industrial and government labs would focus on applied research: industry 
would need to withhold results for commercial advantage. In federal labs, it 
would be the government, not the scientists, that would tend to set policy and 
direction. An equally important objection was that, since both industrial and . 
government labs would be sans professors and students, they would not be 
able to help much with the all-important of all. only in the university could 
basic research, that type on which most scientific progress had been based, 
be done unfettered by the demands of competition, profits, and government 
interference. Only under a system, of academic freedom and tenure could 
researchers be free to follow their research wherever it led, a necessary 
condition for the scientific method to function at its best. 

Dr. Bush concluded, and persuaded Roosevelt, that science — which one 
could argue had won the war — could also win the pea(^\ contribute to the 
economy, and provide miraculous benefits to mankind. 

Science can be effective in the national welfare only as a member oi a 
team, whether the conditions be peace or war. But without scientific 
progress no amount of achievement in other directions can insure our 
health, prosperity, and security as a nation in the modern world. 

One finds an abundance of evidence in his seminal document. "The Kndless 
Frontier/' that Vannevar Bush and his colleagues were not discussing 
research alone. They plainly saw the interconnections between research and 
teaching, and the necessitv for supporting both. They recognized explicitly 
that the researchers .f tomorrow are students today and need to be well taught. 

Publiclv and privately supported colleges and universities... are charged' 
with the responsibility of conserving the knowledge accumulated by the 
past, imparting that knowledge to students, and contributing new 
knowledge of all kinds. 

The complementaritv and importance of teaching AND research are most 
clearly and significantly demonstrated in the charges tl^al Bush drew up for 
the agency that was to implement his vision. He called it the National 
Research Foundation, but his very first words show that he had more than 
research in mind: 
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It is my judgement that the national interest in scientific research and 
scientific education can best be promoted by the creation of a National 
Research Foundation ... [which] should develop and promote a national 
policy for scientific research and scientific education... [and] should 
develop scientific talent in American youth by means of scholarships 
and fellowships... 

W'e can see Dr. Bush s lasting influence by comparing this statement with the 
first words of the Charter of the National Science Foundation, which came 
into being five years later: 

The Foundation is authorized and directed to initiate and support basic 
scientific research and programs to strengthen scientific resf^arch potential 
and science education programs at all levels.... 

The results of Vannevar Bush s vision for university-based research i:ave 
exceeded what must have been his dreams, and have led'to an American 
university system that is without any doubt the finest engine of research in 
the world. The graduate programs of our leading research universities are one 
part of"Dur educational system of which we can surely be proud. On the other 
hand, the availability of large sums of government funds to support university 
research has, equally without doubt, changed the culture of American 
higher education. 

In his book, The Degradation of the Academic Dogma, Robert Nisbet shows 
how, in the years since WWII, the university had come to depend more and 
more on sponsored research, and, how, inevitably, the reward structure for 
'faculty had altered so that the garnering of research grants, and the quantity 
of publications (necessary in order to compete for the next grant), have 
become the coin of the realm. The emphasis on research and publication 
has now extended to ail academic disciplines, even those with little chance 
of outside support. 

It is only common sense that people behave in what they perceive to be 
their interest. If advancement and tenure depend on research grants and 
resulting publications, then anything that detracts from research is a load, 
and time that can be spent on research is a precious opportunity. Can one 
blame professors who allocate their time rationally? The real fault must lie 
somewhere else: I would ascribe it to the university itself and to the 
funding agencies that have largely defined the modern university. 

Some Recommendations: 

♦ The reward structure should be changed on an institution by institution 
basis so that professors will teach, if not gladly, then at least willingly. 
This will take time, as did the present state of affairs to develop, but it 
can be done. 

♦ Good teaching needs to he defined, and rigorously sought out and 
promoted, on each campus. 

♦ We need to work harder at evaluating teaching. One of the principal 
obstacles on many campuses is the unwritten rule that faculty members of 
evaluation committees and departments should not attend the classes of 
colleagues being evaluated. Scholars making judgements should not be 
sati«^fied until they have all the evidence they can fairly get. 
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♦ Each person with the utle Professor should profess. To ensure this result, 
each institution should set a minimum expectation for the amount of teaching 
that must be done by each faculty member. That expectation would vary 
with institution; I would say that it is reasonable that each professor should 
teach at least one course each term, and at least one undergraduate course 
each year. 

♦ The importance of teaching performance will vary from community college 
to research university, but even at the latter it should count for at least a 
defined fraction, perhaps 40%, in the tenure decision. 

♦ Colleges and universities review the performance of tenure-track faculty 
members, but often the scrutiny of faculty who have earned tenure is more 
relaxed. This needs correction. The teaching performance of each tenured 
faculty member should be reviewed by the appropriate persons on a regular 
schedule, perhaps every five yfears. Teaching level and performance should 
play a defined, minimum role in determining the promotion and salary level 
of tenured faculty, even at research universities. If we say, ^'publish or 
perish," we might also say to tenured faculty members, *'fail 

to teach well, fail to flourish." 

♦ In performance evaluations, faculty members should be asked to show 
evidence that they are up-to-date. Publication in reference journals is the 
best, but not the only, evidence. 

♦ At institutions where a record of publication is required, faculty members 
being evaluated should be asked to present, not all the papers they have 
written, but only a small number, perhaps five, that they believe to be their 
most important. NSF should continue its recently-adopted practice of asking 
proposers to li^t only their most significant papers. 

♦ At institutions where research is not emphasized we need to work harder 
to provide opportunities for faculty, members to remain up-to-date and active 
as scholars. - , 

♦ Federal agencies, such as NSF and NIH, should review policies in which 
faculty members are provided salaries in order to release them from some or ^ 
all teaching. For example, the NIH Career Development Awards buy out the 
teaching duties of promising researchers, thus diverting their careers directly 
away from teaching. Such policies may prove to be desirable, but it needs to 
be demonstrated that they do not overly detract from the educational mission 
of institutions. 

♦ Finally, an in-depth analysis, one that goes well beyond what I have 
attempted today, needs to be made of the relationship between teaching and 
research. To what extent are they in competition, and to what extent, and 
where, are they complementary? The Education and Human Resources 
Committee of the National Science Board is planning such a study and 
should be encouraged and assisted. 
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Big Science, Small Science 

Vannevar Bush was a prescient man. I doubt, however, thai he predicted, 
and I am certain he would have strongly disapproved of, the cultural change 
that would cause professors to advance fastest by professing least. He also 
undoubtedly saw that scientific projects would grow larger and more complex, 
as they had. but one can wonder whether he could have foreseen the enormous 
Q level and scale of the class of projects that today we call Big Science. 
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Backpround. To ee^pouse the interconnection of teaching and research 
means that, like X'annevar Bush, one espouses research done in academic 
settings. This kind of research had traditionally been what is called Small 
Science. Over the vears since The Endless Frontier was written, science had 
grown larger and more sophisticated and expensive. It would be comforting to 
be able to say that all scientific projects. Big or Small, are good, and leave it 
at that, but in 1991 that is a naive and untenable position. Today, whether we 
like it or not. Big Science has a major impact on Small Science. Those who 
care about Small Science have to make themselves heard, and it is in *hat 
spirit that I continue. 1 wish to make an unabashed case for Small Science. 

Recently the Congressional Research service reviewed all Big Science projects 
since WWII, using a cost floor of at least $25 million. The 1950s saw nine 
projects above that floor, at a total cost of S260 million and an average of $28 
niillion. In the 1980s, 34 such projects cost $6.7 billion, for an average of 
$200 million, Thfe constant dollar comparison shows the average project in 
the 1880s to have been about 4 times as costly as those thirty years ago. 

Current Projects. An unprecedented number of Big Science projects (defined 
as national science, engineering, and technology projects costing more than 
$100 million) are on the drawing boards, or are under construction today. 

The current estimate of the construction cost for these projects combined is 
$65 billion. Studies of large projects, however, have shown that ihey cost 
much more than initially planned: on average 50% more. Overruns of that 
size would take the total construction cost for the projects currently planned 
to over $90 billion. The estimated operating cost is $100 billion. 

Lest the prediction of a 50% escalation over the original estimate in a big 
project seem unfair, take the Superconducting Supercollider as an example. The 
original estimate in 1986 was $4.4 billion; last September, the Department of 
Energ>' estimated that it would cost $1 1.7 billion, an increase of $7 billion or 
165% (and the project has several years to go before completion). 

' This latest estimate for construction of the SSC is over four times the total 
budget of NSF for 1991'. The SSC detectors alone will cost $1 billion, half 
of NSFs current budget for research. It will cost $313 million annually — 
approximately equal to the current budget of the Education and Human 
Resources Directorate at NSF — to operate the SSC. Over its projected 30 
year life, operation of the SSC will cost $9.4 billion in 1990 dollars. 

To repeat, we will spend as much to construct this one Big Science facility as 
we will spend in four years on NSF: it will cost the same amount as we spend 
on education at NSF annually just to operate it. 

Appeal of Big Science. One reason that supporters of Small Science have 
to speak up is that Big Science projects are inherently more attractive and 
draw more powerful advocates. Why is this so?: 

♦ Big Science holds the promise of remarkable scientific progress; in some 
fields, of real breakthroughs. Often the projected results capture the mind 
and imagination in a way that Small Science seldom does. 

♦ Size alone attracts human attention and interest. 

♦ A project that is big enough can have something for nearly everyone: 
the state and county in which it is located; contractors and subcontractors; 
manv universities; several federal agencies and sub-parts of agencies. 
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The result of all of these factors was noted by Lewis Branscomb, former 
chairman of the National Science Board: the more the cost of a scientific 
project, the less the scrutiny. 

Cost of Big Science. Obviously, Big Science has genuine benefits. But in 
arriving at a balance of support, good policy would indicate that the benefits 
need to be weighed against the costs: 

♦ Big Science may drain brainpower from Small Science disciplines, even 
those that might turn out to be more important in the long run. 

♦ The bigger the project, the more prone it is to disaster. One little thing can 
go wrong — a few pieces of lint, a millimeter error in grinding a mirror, a 
failed magnet — and much can be lost. 

, ♦ Big projects take so long that the need changes, allowing them to be 
superseded by advances in other areas. Some say that much of what can be 
seen by the Hubble can be seen as well by ground-based telescopes that use 
adaptive optics to get rid of the effects of atmospheric turbulence. . 

♦ Even when the needs and conditions alter. Big Science projects 
sometimes go ahead anyway. So much is riding on them that they develop 
a momentum that makes them impervious to change. 

♦ Big Science can squeeze out funding for Small Science. It is already 
happening, of course. With one hand. Congress subtracts from the plan to- 
double the budget of NSF in five years; while with the other it spends far 
greater sums on Big Science. 

♦ A final potential cost of Big Science is that a few public failures or 
perceived boondoggles will contribute to a loss of public confidence in 
science and scientists generally that we can ill afford. The sorry state of 
science education already is a scandal or tragedy or both. F'urther, several 
recent revelations have done more than tarnish the reputation of science, 
they have begun to etch into the metal itself. I am thinking of the cold- 
fusion sham; the public and congressional attention to misconduct in 
science (which as we know is extremely rare); the recent, visible failures 
of NASA. , 

Advantages of Small' Science. In this context, it is important for us to 
note that, in comparison. Small Science has a number of important, indeed 
essential, characteristics: 

♦ Having much less mass, once moving. Small Science projects have less 
momentum, making it much easier to shift direction as the results dictate. Thus 
Small Science lends itself to application of the Scientific Method at its best. 

♦ Small Science projects are more apt to be conceived, designed, described, 
reviewed, conducted, and published by working scientists. 

♦ As Vannevar Bush recommended. Small Science projects tend to be 
(lone in academic settings, rather than in government labs or in specialized 

• facilities. This allows Small Science to help more in growing the next 
generation of scientists, including women and minority scientists. 

♦ Each Small Science project is peer-reviewed twice: before the work is done 
in a research proposal, and afterwards in a paper submitted for publication. . 

O Some say that the converse of Branscomb s law is true as well: the lower the 
FRIC cost, the more the scrutiny. 
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♦ Small Science works. For example, of the ten Nobel Prizes awarded in 
physics (luring the 198()s. one was in theoiT. three were in Big Science, and 
six were in Small Science. Almost all those in Chemistry and Medicine 
were in Small Science. We have only one year to go on from the 199()s: 
the three prizes in physics were in Big Science: the one in chemistry was in 
Small ^Science. 

Manv of the most important technological advances since WWII did not come 
from Big Science: the transistor, antibiotics. TV and VCRs. the computer, 
lasers, monoclonal antibodies. CD.s (my favorite). 

The l)urden of proof of the spin-off debate ought to be on the supporters of Big 
Science. But. some say. even if Small Science has worked better in the past, 
the easy discoveries have now been made. Fields have been ''mined out/' 
and in order to advance today we need Big Science. Of course, there is truth 
in this. But just when one begins to believe the argument, along comes 
superconductivity, or the supernova (which may have been Big Science by 
some definition, but was discovered by an astronomer working at a typical 
land-based telescope), or the paradigm shift in the earth sciences. You can 
name examples from your field. 

Small Science: Not Optional. Without adequate support for Small 
Science, the research infrastructure in our colleges and universities will 
decay even further, perhaps beyond the point of repair. It is in the setting of 
Small Science — the colleges and universities — that tomorrowVcitizens 
take their last science coursi?, the one on which their ability to participate as . 
intelligent voters depends. Most important of all, funding for Small Science 
represents the life-giving water that the seen corn — the next generation of 
researchers — must have if it is to live and flourish. Thus, I submit: support 
of Small Science is not optional: it is a requirement vital to every interest of 
our nation, even to the ability of our democracy to function. Although I would 
support sume Big Science projects, 1 for one cannot see Big Science overall in 
the same life or death terms as I see Small Science. 
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Some Recommendations: 

Some Big Science projects may be justified, though it^is hard to think of a 
single one that is universally supported within the science community, and 
some will take place whether or not they are justified. The key is to ensure 
that an overview takes place so that an appropriate balance is struck and the 
interest of Small Science is protected. 

♦ One wav of accomplishing this would be to have funding for Small 
Science be indexed, however roughly, to spending for Big Science. I 
l)elieve that Congress or the Office of Science and Technology Policy could 
develop such an index. For everv' increase in spending on Big Science, a 
proportionate increase would occur in the budgets of NIH and NSF. This 
would instantaneously put NSF back on the doubling track and reverse the 
alarming decline in the success rate of proposals to NIH, and comparatively 
would cost peanuts. For example, it would take only SlOO million to put the 
,\SF research budget back on the path to doubling in Jive years, or about 4% 
of the 1991 request for the Space Ship Freedom . Four percent! 

♦ Another useful step would be to reciuire each Big Science project to 
show how it would help improve the state of the human and<physical 
resources of the nation s science base. As Frank Press has said, the 
highest priority has to be people. Next, we have to maintain and improve the 
infrastructure of teaching and research. Big Science projects can and 
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should be required to make a significant contribution to these needs. For 
example. the'SSC prejert is funding a good deal j)f research in academic 
settings: for another. one of Reed s faculty meml^ers spends summers and 
leaves at SLAC: far more of this sort of thing should be done. 

♦ During the 1980s the United States doubled the defense budget, but in 
1990 we found ourselves ill-prepared for. and unable to pay for. Desert 
Shield. We asked other countries to help. and. with varying degrees of 
reluctance, they have come through. Why should one country alone pay for 
advances that will benefit all countries and all peoples? Why should not the 
wealthy nations of the World — ("iermany and Japan, for example — pay a 
fair share of the cost of Big Science? If we must pay for War jointly. \vhy not 
Science? It is gratifying to see that the SSC and the new 8 mm telescopes 
are garnering this kind of international support; let them be examples. 

Conclusion 

Nothing is wrong with science education that common sense, professionalism. / 
and adequate financial support cannot repair. 1 submit that we have all three 
in this country, yes, even the money, if we would direct federal support for 
science where it ought to go. Let this gathering put us firmly on the road 
toward making science education at all levels, K-12 and undergraduate, 
the source of the same kind of pride as American graduate education. 

In closing I use a metaphor of Finest Boyer's: Let us make all of science 
education at colleges and universities a "seamless web" of quality; let the ' 
threads running in one direction intertwine in a beautiful, carefully-balanced 
conjoining of leaching and research: let those in the other be a harmonious, 
considered blend of support for all science. Big and Small, according to its 
benefit to mankind. 
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Dr. Shirley Maicom 

What is (iilTerent about those institutions that have proven to be effective with 
students from groups (currently under-represented in the sciences? How have 
ihey come to be effective with those students? In the spirit of the day, lets 
take a little "True-Kalse" quiz about what works to «;et women and minorities 
into science programs, keep them there and get them out with the degree. 

(1) TRUE OR FALSE? Success in science with women and minority 
students is just a mailer of selecting the smartest students to attend your 
institution - high SAT scores and high GPAs. 

FALSE. Many HBCUs accept students with less than stellar indicators of 
prior academic achievement and yet nurture them into scholars. On the 
other hand, many highly selective institutions attract high achieving minority 
students who subsequently under-perform in key gatekeeper courses (such as 
calculus and introductorv' chemistr\''and physics). Many women and minority 
students who enter declaring an interest in science find faculty who are 
unwilling to accept their interest and ability, who expect little or who subject 
them to demeaning class environments. 
Shirley Maicom 

Director, Education and Human Having a poor background does not mean you're unable to achieve in science. 

Resources Programs ' Bringing in an excellent record is no guarantee of success. It s not just the 

American Association for the student. There's something about the institution, too. 

Advancement of Science (AAAS) 

(2) TRUE OR FALSE? If women and minority students do not stay in, it 
Project Kaleidoscope is llieir choice and their problem. / 

\ational Colloquium 

February .5, 1991 FALSE. If these students do not slay in, it is your problem, too; and often 

"choice" has little to do with their decisions. Dwindling numbers of majors 
will make it increasingly difficult to justify and support upper level courses 
or facullv [)ositions. Few departments aspire to be service units for those 
majors that are thriving. As women and minority students become a larger 
proportion of the college-aged population our ability to retain these students 
as majors may mean the sur\ ival of our fields. - 

(3) TRUE OR FALSE? There is nothing wrong with the science and 
mathematics courses as they are now. 

To determine if this is true or false (a) count the number of students enrolled 
at the end of the term and compare this with the number at the beginning of 
the term, lb) Count the number completing the course; compare this with the 
numl)er who take the subsequent courses, (c) What was the gender make-up 
of your freshmen majors: of your graduating majors? Do the same calculation 
for racial/ethnic minorities, (d) Have exit interviews conducted with your 
leavers. Perhaps they have come to realize that they really wanted physical 
education over physics. On the other hand they may have been made to 
feel unwelcome, 

1 saw a recent bumper sticker that ctmveys the right sentiment. '*Humpty- 
Dumplv was pushed." Perhaps studtmls who leave feel they too have been 
pushed out. 
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(4) TRUE OR FALSE? There is nothing college faculty can do about 
students' prol)lems since the students come like this from high school 
(everyone knows there are problems in the K-12 system). (While we might 

he willing to admit the problems in the K-12 system, we would again point out 
that some institutions take the students, problem^ and all, and move them to 
a higher level of peribrmance.) 

FALSE. There are. many things you can and must do about this. Reach out 
!() K-12 teachers and work with them in addressing these issues. Vow to turn 
out teachers who will make you proud when they tell others that you taught 
them everything they know about science. Teach them as you want them' to 
teach their students. 

(5) TRUE OR FALSE? In order to keep more students you have to lower 
standards. You cannot have equity and excellence at the same time. 

FALSE. Programs that provide meaningful context and rigorous content 
attract and hold students. It is hard to imagine how a quality program could 
be defined by the number who fail rather than by the number who are 
enabled to succeed. It is impossible to have an excellent program that is not 
equitable. It is not possible to have an equitable program that gives students 
less than what they 11 need to be successful. 

(6) TRUE OR FALSE? Some students just do not have what it takes to 
make it in science and their absence is evidence of this. 

FALSE. There is no evidence to support biological determinism — that 
is, any genetic basis for some group s participation or non-participation, 
performance or achievement in science and mathematics. Complex social 
and cultural factors, opportunity to learn, and the availability of resources 
have likely interacted to produce the current distribution of groups in science 
fields. The existence of programs which can alter the "inevitable" support 
the idea that there are many interventions we must exhaust before we are 
allowed to claim biology. Let nurture take its course. 

How does the environment of our colleges support the pursuit of science 
literacy and science careers by people from groups with weak traditions 
toward these fields? What works? 

We must help students see themselves as part of the community of science. 
But that means we must be able to envision them there ourselves first. We 
have to help them find their understanding by sharing ours and by respecting 
their need for context. We must begin to see our introductory courses as an 
opportunitv lo recruit, not a place to weed out. If this is our last shot at 
providing a future President or a future Member of Congress with a view of 
science, what image do we want them to have? What do we want them to 
remember? I think we would agree that we want them to understand the 
(]uest. the dynamism and the energy, of science, its place in our lives and its 
capacity to empower. 

Women and minoi:i4jes are the miners canarv* signalling deeper problems in 
our programs. We must recognize that as the demographics change we are 
playing to a -tougher house." If we do nothing to rethink our programs and 
depend on old strategies of weeding we face a troubled future. For not only 
are we not drawing proportionately from the disenfranchised majority, we 
are losing the interest of traditional participants as well. I began this 
presentation pointing out a nearly 50% decline in male interest in the 
physical sciences. 




Project Kaleidoscope 
Sational Colloquium' 
lunch with Einstein. 



46 



But we can take heart in the fact thai we know quite a bit about )what works 
for these groups which if applied, can revitalize our programs. What works to 
J)ring these groups into science seems to work for everyone. 

The Four R's 
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Borrowing from concepts outlined in a recent OTA report. Educating 
Scientists and Engineers: Grade SchooHo Grad School, I would like to focus 
on factors that affect science participation. The OTA report mentions 
recruitment and retention. I would add to either side of those the ideas 
of readiness and reconstruction. 

By readiness I refer to the set of K-12 experiences that maintain 
students' ability to choose college majors in science, mathematics .or related 
fields or that permit students to successf^ 'ly matriculate in college level 
science courses. 

By recruitment I refer to the set of activities that attract students to science 
or related majors or to elective (interest based) course taking in science 
and mathematics. 

Bv retention I refer to the set of actions and programs that seek to hold 
student interest in science as a career, to use science in their everyday life 
and/or to prepare a base for lifelong learning in science. 

By reconstruction I refer to the process by which students are encouraged and 
assisted" toward further study and toward contributing to the development of 
science as it incorporates the broadest base of human experience. That is, 
their participation reshapes the processes and structure of science. 

A number of programs exemplify these elements as we undertake efforts to 
increase the participation of women and minorities in science. 
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The Honorable George L Brown, Jr. 

1 am extremely pleased to be here. Your task of creating a reformation in 
undergraduate science and mathematics education across the nation is both 
formidable and necessary. The aims and objectives that you have outlined fo: 
IVoject Kaleidoscope show perception as well as persistence. 

1 want to quote from your own materials to bef^in my remarks because you 
have articulated so well what I believe to be the underlying concept of 
successful change. 

Effective reforms take money, to be sure, i)Ut of |)rimar\' importance is an 
environment for reform that encourages strategic planning, fosters 
creativity, and rewards innovation. 

Whenever we (consider change, be it small or sweeping, we must be cognizant 
of the context in which that change must take pla(!e. The global, the national, 
and the immediate context should be understood, if what we desire to change 
has a chance to occur. 

« 

The Global Context. I will not belabor you with myriad statistics on the 
changing world. I will only mention what all of us already know in broad 
generality. Todays world, and surely, the world of tomorrow, will be based 
increasingly cm the combination of technology and information. To that, I will 
add only four statistics for the global context: .American students average 20 
al)sences from school a year as compared to Japanese students who average 
three a year. Swiss and German students watch 60 percent less TV than 
.American students. The length of the American .school year ranks among the 
shortest.of the industrialized nations. And 70 percent of U.S. produced goods 
are in active competition with foreign products, products which come from 
nations whose children repeatedly out-score our own children in math, 
science, geography and other skills. 

The National Context. I think it is crucial to understand the demographic 
patterns that are evolving in America. Dramatic changes are occurring in our 
school-age population. In the 1980s the population growth among minorities 
was three times the rate, 2 1%w versus 8%, of the rest of the population. Soon, 
we will be educating a majority of minorities. Most of these children are at 
the bottom of the educational and the economic ladder. Although American 
schools have heen successful in the twentieth centur\' in assimilating wave 
after wave of children who presented new and different challenges, we cannot 
take this ability for granted. We must prepare our public schools and our 
teachers for the enormous task ahead. It is an interesting phenomenon that 
science and technology have dramatically transformed almost every facet of 
our society except our schools. The nation s schools and the way that we 
teach in them have heen almost impervious to this change. 

The Immediate Context. We turn next to the undergraduate student 
uhen he or she graduates with a baccalaureate degree. Over half of college 
graduates do not take their first jobs in an area directly related to their 
majors. In addition, these students, over a lifetime, will work in five to 
seven occupations. Those occupations will be so diverse that there will be 
a continuing need for education and training. Many ( oday s students will 
eventuallv hold jobs that do not even exist today. 

1 believe that for this profile of the emerging undergraduate, we need to train 
students for strong adaptability to change. The most versatile and enduring 
preparation for the future is to be able to respond creatively to unpredictable 




George L Browru Jr. 

Chair. Committee on Science, 

Space and Technolog) 

i\S. HoiLse of Representatives tvelcomed 

hy Executive Commiitee members 

Daniel Sullivan and Thomas Cole. Jr. 

Project Kaleidoscope 
National Colloquium 
Februarys. 1991. 




Project Kaleidoscope 
Sational Colloquium 



change. We also need to teach students good predictability skills so that they 
can successfully forecast what changes might-likely come. Skillfully managing 
change requires an ability to make judgements and to change attitudes. The 
more comprehensive a perspective we can build for our students, the better 
their judgements and the more flexible their attitudes will be. 

Much of this will come from the humanities where the course of human 
events over thousands of years can put our own changes into a broader 
outlook. Properly designed science and math cumcula could move us 
strongly toward this development. 

To complete this analysis of the immediate context of your reformation, one 
has to examine a series of significant changes that have impacted the 
undergraduate schools in America. 

First, the student bodies have changed and they will change more radically in 
the future. The demographic changes that are in the beginning of the pipeline 
now, at the elementary school level, will hit the undergraduate schools in less 
than fifteen years. The mandate of colleges and universities has changed to 
include a major role in "continuing education.'' Some schools may be looking 
at a future where this role eclipses tITe more traditional role of the school by 
virtue of its growing enrollment. 

The proliferation of community colleges has altered the university equation 
even further. Many students come to a senior college from a community 
college where they have already completed their general education. As more 
heterogeneity is built into the undergraduate system, it will be more difficult 
to use academic credits as a measure of learning. 

Finally, the push of undergraduate schools to abandon their teaching mandate 
in'search of a research mantle is changing undergraduate education in 
detrimental ways. The undergraduate school is the backbone of higher 
education in this country. If these schools abdicate their fundamental task, 
we have no institutions to take over this comprehensive responsibility. 

Convergence and Cooperation. Here then we have the context for the 
science and mathematics reformation in our colleges. Here also is the context 
for the larger educational Renaissance that needs to take place in our nation. 
Until perhaps the early 1970s, the major sectors of American society — 
government, industry, and education — had reasonably defined roles of 
autonomous behavior. Each segment could operate independently as a 
separate hemisphere. 

The monumental changes that have occurred in the world have dictated not 
only that changes be made within each separate sector, but also that the three 
sectors develop a new relationship to each other. The autonomy that was so 
cherished and promoted is now being discouraged. We are advocating 
convergence and cooperation. While this is altogether appropriate and 
necessary, it is not eminently simple. 

Booth Gardner, the Governor of the State of Washington, said in a recent 
speech that, "People tend to cling to what is familiar, even when it is 
obviouslv dysfunctional.** This instinct is as deep-seated in institutions as 
it is in individuals. Despite that, the important collaborations among govern- 
ment, industry, and education have occurred in other countries and the 
results are well-documented successes. The anxiety of change is inevitable. 
The goal is to prevent it from making us immovable. 
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I lirmly believe that in order for your task to have ultimate value, we must 
find ways to make all of our youngest ehildren feel confident and capable in 
science and math. If we do not learn how to broaden the base of competence 
in elementar>' school, we have immediately limited our possibilities and our 
potential for the nation. No matter how j^ood a job we are doing to reform 
undergraduate science and math, we must simultaneously fighl to convince 
everv' elementary school child that he or she can do math and science. This 
task will be a formidable challenge for decades to come. 

As Chairman of the House Science Committee, 1 will dedicate myself to 
exploring every idea and working with any constituency committed to 
improving science and math education, and all education across this land. 

Our goal must he to collaborate with each other. Our tasks are too great and 
our time is too short for any other approach. Perhaps the greatest idea that 
\merica has given the world is the idea oi^kication for all. If we work 
together we can insure tharoHiUiiufis-t'o happen. 
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This is a particularly fortunate day for me to be meeting with you, because I 
have just conw^ from participating in the press conference releasing the report. 
•"By the \'ear 2000: First in the World." The report was put together by the 
interagency (Committee* on Education and Human Resources, chaired by the 
Secretary of Knergy James Watkins. under the Federal Coordinating Council 
for Science. Engineering, and Technology (FCCSFT). FCCSET is a group 
of Cabinet secretaries, deputy secretaries, and agency heads that meets to 
review, coordinate, and help implement the nations science and technology 
pobcv: the (>)mmittee on Kducation and Human Resources is one of seven 
umbrella committees under FCCSET. 

The report is a major step forward in the federal government s approach to 
science and mathematics ejlucation. It seeks to describe exactly what the 
federal governinent is doing in this area, and to outline a strategy that will 
maximize the effectiveness of the federal contribution to American science 
and matheniatic'S education. 

All three levels of science and mathematics education — pre-coUege, 
D. Allan Bromley undergraduate, and graduate — are addressed in this report. Pre-college 

Assistant to the President for Science education is given highe^st priority, because this is where the greatest 

and Technology problems are and where much work must be done to meet the six goals 

Director. Office of Science and established bv the President and the governors. But the report also gives 

Technology Policy substantial attention to undergraduate and graduate education, recognizing 

that without a strong position in research and development — and without a 
Project Kaleidoscope much greater degree of scientific literacy among the population. at large — 

Sational Colloquium America s competitiveness in world markets will be in jeopardy. 

February 5. 1 99 1 

The FCCSET Education and Human Resources Committee focused on two 
central questions regarding undergraduate education: 

1. Are we producing enough U.S. college graduates in science, 
mathematics, and engineering to ensure that our future economic and 
technological needs are met? 

2. Are undergraduate students, both majors and non-majors, receiving the 
education in science, mathematics, and engineering that is necessary to 
meet those needs? 

The members of the FCCSF^T Committee on Education and Human Resources 
concluded that the answer to both of these questions is very likely "no.'' 

The number of college-age students is only about 80 percent of what it was a 
decade ago, and the fraction of these students who graduate with bachelors' 
degrees in science, mathematics, and engineering remains stubbornly stuck 
at about 4 to 5 percent. Unless we can find ways to raise this average, this 
countrv is going to be producing fcnver science and mathematics graduates 
just at a time when the need for those graduates is growing. 

One wav to increase the [)ercenlage of students who major in science and 
engineering is, of course, to attract groups that have traditionally been under- 
represented in those fields, including iViinorities, women, and people with 
disabilities. The low level of these groups in science and engineering verges 
on the scandalous. Blacks constitute about 12 percent of the U.S. population, 
l)ut they earn only 5 percent of all degrees in science, mathematics, and 
engineering. Women, who make up half the population, earn only about 30 
percent of these degrees. We do not compare at all with other developed 
O nations, and we cannot afford this wastage of very important talent. J| 
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Kven amonsi llie student population at large, interest in science and mathematics 
had been falling. Over the past 20 years, interest, as registered by entering 
freshmen, in science and engineering majors had decreased hy a third, 
interest in mathematics had dropped hy a (luarter over the 1980s, and interest 
in computer science, an area where the greatest shortages are predicted, had 
dropped hv fullv two-thirds over the last five years. Even among those who 
express an interest in majoring in science and engineering as Ireshmen. 
more than 50 percent fail to complete degrees in science, mathematics, or 
engineering. The nation can no longer afford these kinds of losses. 

in addition to these questions of quantity, the committee notes, many questions- 
have been raised about the quajitv of the undergraduate experience in science 
and mathematics, and I know that this is an issue that had occupied much ol 
vour last two davs. Much of the undergraduate curriculum is dull, uninspired 
narrowly focused, and out-of-date. Undergraduates will always sleep through 
some classes, but many courses do not give them much reason to stay awake. 

For reasons of both quantitv and quality, the undergraduate area is going 
to be a kev factor in determining whether the shortfalls of trained personnel 
predicted for the 1990s and first decade of the 2 1st century materialize. If we 
can reach undergraduates today, we will have graduate students emerging by 
the end of the decade. In that respect, there is no more important area in 
svhich to focus our attention. 

Kurthermore. the undergraduate level is the last formal exposure most 
graduates svill have to science and technology. The quality oi thos^e courses 
mav therefore have more than a little to do with the dismal state of scient^itic 
literacy in this country. In one recent study, half of the adults questioned did 
not know that it takes one year for the Karth-to orbit the sun. Fewer than halt 
of the adults in the United States believe that human bemgs evolved from 
earlier species of animals, indeed, the publics understanding of science and 
mathematics recalls the >^torv of Yogi Beira going to a pizza parlor and ordering 
a lar-e pizza. When he was asked if he wanted it cut into four pieces or eight, 
he answered, "You'd better make it four. I don't think that l ean eat eight. 

|„ mv opinion, in a democracy like ours it is absolutely essential that our 
citizens at least be able to understand the broad issues that confront the 
nation, even if thev are not going to be able to participate in a direct way in 
resolving those issues. Lacking that understanding, they tend to become 
alienated ffom society, something which we cannot afford. Literacy, both 
verlial and numeric, is the foundation on which we must build the future 
of this nation. 

An Action Strategy for Undergraduate Education 

|{cco'niizing the importance of undergraduate education, the committee 
.Icveloped an un.lergraduate action strategy with four program elements. 

♦ The first is to develop better curricula and learning materials and to 
improve ial)oratories. This locus on laboic.;<)ries is particularly important. 
We cannot continue to send students to laboratories where the equipment 
ti,c^ use is older than thev are. and in many ceases older than their instructors. 
Students must have access to mo.lern laboratories and equipment, espec'ially 
since many of them will be entering the workforc^e dire<'tly alter they graduate. 

♦ The secomi is to enhance the teaching skills of faculty. Faculty are the 
„„lv ones who <-an create a classroom environment where students and 
teachers are true partners in learning. To (Jo this, we must give laculty a 
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chance to spend time on teaching and enhance their teaching skills. In 
particular, we can use many of the federal government s laboratories 
and other facilities to increase the skills and knowledge of faculty. 

♦ The third is to attract and retain students in undergraduate programs in 
science, engineering, and mathematics. The means t^iken to do so range from 
scholarships to rooperative education to student research experiences. For 
example, the ROTC scholarship program is a significant component of this 
effort. A new component is the National Science Scholars Program, which 
was proposed by the President and will start this- year. This program will 
provide four-year scholarships for up to 570 high school graduates each 
year who have excelled in science, mathematics, or engineering. 

♦ And the fourth, and perhaps most ambitious, is to work for comprehensive 
and systemic reform of the undergraduate experience, to give a new degree 
of vitality to the undergraduate system. These are multifaceted programs 
that are meant to spark new thinking and complement the more traditional 
approaches under way. An example is the .\lliances for Minority Participation 
at the National Science Foundation, which promotes the creation of regional, 
alliances between school districts, colleges, government, and businesses to 
attract and retain minority students to science and engineering. The ultimate 
goal of the program is to ensure that 50,000 bachelors degrees and 2,000 
Ph.D.s are earned by under-represented minorities each year. 

Partnerships for Reform in Pre-eollege Education 

It is also important to recognize that the difficulty starts far back in the 
educational system — far before anything having to do with colleges or 
universities. I have often pointed out in the past that, at the graduate level, 
the United States leads the world in educational quality: the education we 
provide to foreign students who then return home is one of our most important 
exports. At the undergraduate level, because we are one of the few indus- 
trialized countries that has no central control over what constitutes a college 
education, we have peaks of excellence and valleys of mediocrity. At the pre- 
college level, the situation is frankly scandalous. For the first time in modern 
history, we are providing our children with a worse education than their 
parents received. 

The FCCSET report points out that the greatest need is to increase the 
number and skills of pre-college teachers in science and mathematics. This 
is an area where new partnerships such as those you have been discussing are 
particularly crucial. The federal government had made a major commil.nent 
to attract more individuals to pre-college mathematics and science teaching 
and to increase the skills of those teachers. Now we need colleges and 
universities to join in fully in this endeavor. 

The need for action is clear, and directions in which we must move are equally 
clear. Now it is a matter of marshalling the collective will to make changes. 
The old proverb says *Tf we do not. change our direction, we are very likely to 
end up where we are heading." have seen the direction in which we are 
heading in this country, and it is one fraught with peril for our continued 
international leadership. Now is the time to strike out in a new direction. 
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LEARNING SCIENCE 



Teaching Nature s 
Curriculum 

The science currieiilum. someone 
lias said, is set l)y ihe world. If 
diere is only one realily, only one 
truth, how can there he a (jueslion 
ahoiil what to teach? 

During the iienerations since tht* 
natural sciences became common- 
place in the curriculum, there has 
heen a sameness of approach found 
\irtually cver\\vliere. a unanimity 
that sugjiested that nature lierseli 
was the source. In iact. the source 
was material set forth in major texts 
and graduate schools. But the old 
approach — what has seemed so 
natural — has failed us. As the 
(juantity of knowledge has grown. 

♦ 

IVai liiiiis science is, at its 
hesL a modeliiiii ol hehavioi; 
a (liMiionslration of the true 
nature ol investigation, 

die curricidum lias become 
overstuffed with facts, with terms, 
witl: content that must be "covered." 
PedagogV". ttM). has l)ecome stuffy and 
lifeless, a matter of endless l(dling 
and <*xi)laining b\ mast(Ts 
to initiates. 

The thought that the collection 
of people as^(^ml)led by the 
kalei(losco|)(* project might together 
lia\e an influence on the under- 
graduate science curriculinn o( 
the lulurc luis filled us with both 



humility and zeal. But the fact that 
our visions converge gives us hope 
that the \ ie\N expn^ssed in this 
re[)()rt is itself in a way natural, an 
idea whose time has come. 

Tlie redesign of science curricula, 
lor us. starts with some (juestions: 

♦ Scientists l()V(* doing science. 
How can the cumculum he 
organized so as to induce science 
students to enjoy ^^r'wniv from 
ihe first davY 

♦ Real science is carried out by 
teams in settings where face-to- 
face communication and shared 
\alues create a common culture. 
How can students begin to 
develop a sense of inenil)ersliif) 
in a science community //"o//? 
the first (1(1} y 

♦ vScience is a liuman enterprise, 
internally connected, and linked 
also with the world, with other 
disciplines, uitli social and 
[)olit:cal forces. Beliefs and 
actions regarding science lia\e 
im[)ortant consequences. How 
can we leach science so that those 
connections and consequences 
are visible and appreciated /ron? 
the first (hiy'f 

Our discourse about these questions 
has made it clear to us that curricu- 
hrni and pedagogy are inseparable. 
In science perhaps more than in 
any other field, the true subject 
matter is methodology. Teaching 
science is, at its best, a niodeUng 
of l)elia\ ior, a demonstration of the 
true nature of invt^stigation. 



A key goal is to improve 
national literacy in science and 
mathematics and meet future 
requirements for trained people 
in science and engineering. 
This is essential for our future 
economic prosperity in an 
increasingly technological and 
competitive world. 

- Pr(\sidential Science 
Advisor D. Allan Bromley. 
1990. 
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Hamilton 
College 

Basalt contains the mineral 
pyroxene, but not quartz. Or is it 
the other way around*:* And who 
cares — what difference does 
it make? 

To professional geologists, of 
course, it makes a big difference. 
Basalt is a key component of the 
earth's crust, and understanding 
its mineral makeup gives insight 
into the processes that literally 
shape our world. But to students 
taking introductory geolog\' 
courses, basalt, pyroxene and 
quartz are all too often just 
three more terms they need to 
memorize for the final exam. 

That s not the case at Hamilton 
College in Clinton, New York. 
Beginning students there, savs 
geology professor Barbara 
Tewksbury, "have the opportunity 
to do what geologists do, not 
simply learn what geologists know.'' 

Geology majors at Hamilton 
have always had that opportunity. 
Many have gone on research 
expeditions to such far-flung 
locations as Antarctica, the 
Galapagos Islands, and Tasmania. 
They've also taken advantage of 
the diverse local geolog\*. (The 
college is located on a sequence 
of Paleozoic sedimentary rocks 
and only a few hours' drive from 
the great deformed rocks of 
Appalachia.) However, the 



department — five faculty 
sharing four full-time positions 
— was concerned about students' 
first impression of the subject. 

"How can we expect to attract 
students to science if, in our 
introductory courses, we don't 
give them a taste of what science 
is all about?" says Tewksbury. 
"We can't continue to imply to 
our students that, when they've 
learned enounjh information, 
sometime in the future they'll be 
able to tackle an exciting problem. 
By then, we will have lost them." 

In 1986 Tewksbury and colleagues 
decided to "stop tinkering" with 
their introductory courses, and 
instead rethink their whole 
approach. What they came up 
with inverts the traditional 
order of things. Instead of one 
semester of Physical Geology, 
with emphasis on vocabulary 
and classification, followed by a 
semester of Historical Geology, 
students now start with a course 
on one of several global 
topics, such as plate tectonics, 
oceanography, or environ!T)ental 
geology, and then delve into the 
details of mineral identification, 
rock-forming processes, etc. in 
a second course. The global 
framework of the first course 
establishes the "big picture" 
while the second course 
introduces the nuts and bolts. 

First-year labs have also been 
overhauled. For example, to 
accompany the plate tectonics 
course, Tewksbury has designed 
a lab course in which students 
use complex maps from the U.S. 
Geological Survey to analyze the 



geolog)' of Indonesia, 'nie of the 
most spectacular tectoni." region^ 
on earth. "In many respects, it 
is a highly directed research 
expenence in which the students 
are doing the kind of science 
that makes geology exciting to 
scientists," she says. 

The introductorv' courses at 
Hamilton are not watered-down 
versions of geolog\v Tewksbur\' 
conli nds, noting thut average 
grades are lower tlu-n both the 
overall college average and 
average in other first-year 
courses. In spite of this — or 
should we be optimistic and say 
because of this? — students 
now flock to these courses. 
Enrollments are up from less 
than 70 students per year 5 years 
ago, to nearly 200 per year. 
Moreover, the number of majors 
has risen from 4 graduating in 
1986 to 14 expected in 1992. 

Did all this overhauling take 
massive amounts of money and 
outside grants? No. While 
the department receives NSF 
and other support research 
activities (which also involve 
undergraduates), the geologists 
at Hamilton sought no special 
funding to restructure the 
introductory courses. Explains 
Tewksbur)-: "This is a teaching 
institution, and we thought it 
was part of our job." 



A Learning Model 

Student learning is the central 
activity of science education and 
must l)e the first concern of those 
wishing to improve it. If students 
learn well, other responsibilities 
such as the good of the nation, the 
scientific pipeline, the mission of 
ihe institution, and the quality of 
leaching will be faithfully discharged. 

\ good model for learning science 
has great potential for improving 
science education. Science faculty 
constantly choose what to teach 
and how to teach it, frequently in 
the face of evidence of their 
students' learning difficulties. An 
apt It'arning model would provide 
faculty with ideas for immediate 
action and for proposals to improve 
[)rograms. It would also provide 
useful perspectives for academic 
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We reject models that 
coneeive of learning as a 
constant test put to isolated 
and beleaguered individuals 
uho are thereby winnowed 
so that onlv the strongest 
and brightest remain, 

administrators and grants officers 
s(*eking general or long-range institu- 
tional improvements. ;\ cognitive 
model is particularly a[)propriate for 
describing the learning of science 
and mathematics because scholars 
in these areas presuppose that 
the subject matter is logical and 
consistent, i.e., that one can know 
it and realize that one knows it 
without recourse to authority, 
-loctrine, or personal predisposition. 



The prominence of the community 
of learners in the experience of 
science learning at liberal arts 
colleges indicates that it is one 
important component of effective 
science education. We are also 
impressed with the frequency and 
power with which lack of community 
has l)een emphasized by recent 
studies as a crucial shortcoming in 
college learning. Learning, motiva- 
tion to learn, teaching, and the 
practice of science are all deeply 
social phenomena, Wfe reject 
models that conceive of learning as 
a constant test put to isolated and 
beleaguered individuals who are 
thereby winnowed so that only the 
strongest and brightest remain. An 
able scientist becomes that not 
l)ecause of endowments conferred 
at birth, but because others cared 
enough to nurture and inform that 
person and enmesh him or her in a 
healthy social interaction that 
created a sturdy sense of identity. 

.Another prominent theme that can 
be observed in the experience of 
science education at liberal arts 
colleges is the personal character 
of learning. Recent reports have 
emphasized that learning in science 
and mathematics is idiosyncratic: 
each learner must absorb ideas and 
learn to apply them in his or her 
own way. The underlying philo- 
sophical principle is exposed b\ 
Michael Polanyi's argument that 
all knowledge is personal. An 
adequate model for learning science 
and mathematics must recognize 
that learning is a personal endeavor. 

The theme of connectedness of 
knowledge weaves through our 
entire discussion, in confirmation of 
Whitehead s position cited earlier. 
In the practice of .science, the 
fundamental connection is between 
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Competence in modes of 
inquiry and in writing does not 
develop in a vacuytn. Thinking 
is always dbout something, and 
therefore it is inextricably 
grounded in content. 

~ /V^sociation of American 
Colleges. 1988. 
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To believe, in this era, that a 
penon possesses a liberal 
education who is ignorant of 
analytic skills and technological 
skills is to make a mockery of 
the central concept of liberal 
education and to ignore the 
nature of the world in which the 
graduate will live. 

- "The New Liberal /Ir/.s/' 
I98L 



theorv' and experiment, between 
mathematical model and empirical 
data. Connections among the 
natural sciences, as well as those 
between mathematics and science, 
serve to reinforce motivation 
and enhance student learning. 
Connections imply a frame of 
reference in which ideas can he 
examined, tested, and put to work. 

We are led, therefore, to postulate 
that the ideal model for learning 
science and mathematics in college 
has three irreducible qualities: 

♦ The learner is enmeshed in a 
community of learners; 

♦ The learning experience 
is personal; 

♦ The learning establishes 
connections that place science 
in context. 

These qualities will meet the test of 
diffusibility. They can be created 
anywhere, not just at liberal arts 
colleges. Our mutual agenda for the 
1990 s, the agenda for all of the 
partners in undergraduate science 
education — colleges, parents, 
students, foundations, other private 
philanthropists, and federal and 
state governments — should be 
to bring this vision mire fully to 
realization. That is r ..r message. 



Two Populations, 
One Need 

Both the curriculum and the 
rhetoric of science education divide 
our students into 'bracks.'' When 
speaking about science education 
we carefully explain which courses 
are for the specialist — the potential 
major — and which are for the non- 
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specialist, the so-^-alled "'liberal 
arts" student. This way of talking 
wrongly evicts the sciences from 
the liberal arts. In fact, at most 
liberal arts colleges a strong core 
curriculum often results in science 
students receiving the most diver- 
sified liberal education. Although 
as members of the community of 
higher education we too find 
ourselves talking about two tracks 
(and may sometimes do so in this 
report), we are determined to resist 
the naive notion that our students 
fall nicely into two distinct camps. 
The evidence of experience shows 
that this is clearly not a useful model 
of real students in real courses. 

A great parade of students who 
initially think of themselves as 
potential science majors abandon 
their plans after the first or second 
course in the ''majors'' track. These 
science dropouts graduate with 
other majors, and eventually 
enter non-science careers. For 
these students, the so-called 
"introductory'' course is often the 
last course in which a student is 
provided with an opportunity to 
study science. Has their brief 
encounter with introductory science 
courses equipped them well to be 
science-literate citizens? Few 
would argue that a frustrating and 
ultimately unsuccessful experience 
with science is the best approach to 
scientific literacy. 

Conversely, as teachers we often sec 
the frustration of a student whose 
first introduction to science is a 
course for "non-majors." who 
discovers too late that he or she has 
the appetite and aptitude to do 
further work in science. But the 
non-major course, designed to h(* 
"terminal," doesn't carry students 
forward towards the specialists' 
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M'(iLi('n('('. Tra\ cling along Iwo 
diverging paths, each oflliese 
^liulcMls is deprived ol' the inlro- 
diK lioii du* ()di(*r HM'eived Imt found 
inade(]uale lo his or her need. 

The irony in diis all-loo-cornmon 
pielure is thai many exceMent 
courses (or non -majors oH(M' uselul 
material ahout tiie context and 
{•onse(|iienees of science, material 
diat the science major may need yet 
miss. Moreover, the non-major 
course often skimps m its f)resen- 
laticm of the activities and results 
oi X'ience, mat(M*ial needed hoth 1)\ 
the stU(l(Mit who might want to l)e a 
scientist and l)y tlie student who — 
as a citizen — needs to know more 
ahout what science is and how 
it o[)erates. 

To meet the science n(*eds that all 
>tU{|ents have in common, we must 
hlur the distinctions hetweeii the 
intro(Uu'tor\ courses for majors and 
non-majors. Historical. f)hilosophical. 
MK'iologicaL and |)olitical insights 

♦ 

lo meet the scicMice needs 
llial all sludenls have in 
common, we must hlur the 
dislinelions helueen 
inlroduelory courses for 
majors and non-majors. 

should 1)(* [)arl of all science courses, 
ollei'ing all students the dccf) 
p(*rspi»cli\e on science wliich comes 
from understanding in context, 
Likewis(* all students should he 
introchu'cd to the {'onlent and method 
(»!" >cien<*(\ including lahoratory 
Q work in\ ol\ ing tlie design of experi- 
JC ^'1^' ^'i^^ analysis of data. 



Multiple tracks are hest justified, 
we l)elie\e. not hy a desire lo 
segregate the science major from 
the non-major, hut as a means of 
providing differential entry points 
into science lor die prepared and 
(he l(»ss-j)repared. Often these 
different ruM^ds reflect differences 
ainong entering students in iheir 
ability lo employ the language of 
scienc(» — mathematics — as an 
effective aid in their work. Flu* 
objective of such >.ef)aration at the 
iiUroductory level should always he 
to enahh* students who tMnhark from 
different |)lact*s to converge to a 
>irml(^ curriculum. 



Good teaching depends on a sense 
of intellectual comniunitY, a 
common commitinent of scholars to 
approach learning as an integrative 
rather than a disaggregative 
enterprise. Just as good teaching 
stimulates students to learn from 
one another so must it grow out of 
a collective commitment on the 
part of the faculty to be teacfaen 
and students to one another ... 

- Pciv '^Policy 
Perspectives/' 1990, 



What Works: 
Natural Science 
Communities 

W hen we sj)eak of the classroom as 
a science community, we picture an 
organization based on dialogue and 
activity. Knowledge is not trans- 
mitted so much as it is constnicttMl. 
coof)eratively. hy students working 
together under the guitlanee of 
faculty and — at more advanced 
levels — [)y students and faculty 
working as teammates. The capacity 
of students to teach one another has 
been well demonstrated in count- 
less stUtings. from on(f-room schools 
to graduate* seminars. The effec- 
tiveness of such teaching as a spur 
lo learning is remembered by (»ver\' 
faculty member who began to 
fully understand his or lu^rown 
discif)line only alter teaching the 
introductorN course. 

To create community, we advocate 
fiuther l)lurring of distinctions — 
here the (listiii(»tion between 

pedagogy and content and the r ^ 39 



Morehouse 
College 

The biolog)' department at 
Morehouse College in Atlanta is 
taking an aggressive approach 
toward recruiting more minority 
students into research careers 
in science. With funding from 
many sources, including the 
David and Lucile Packard 
Foundation, the Hughes 
Foundation, and the National 
Science Foundation, Morehouse 
has established a range of 
programs that bring students into 
direct contact with researchers in 
the laboratory' and guide them 
toward graduate school. 

The concern at Morehouse is 
with the virtual absence of 
Blacks among Ph.D.'s in the 
natural sciences. The statistics 
are telling. In 1986, for 
instance, fewer than 100 Blacks 
received r'^ience Ph.D.^s: 64 in 
the life sciences, and 25 in the 
physical sciences. In 1990. 
Blacks accounted for a mere 
1% of the Ph.Dfs given to U.S. 
citizens in mathematics — 3 men 
and 1 woman out of total 401. 

When youVe deahng with such 
small numbers, a difference of 
1 can be substantial. And the 
biology department at Morehouse 
aims to make a bigger difference 
than that. 

Thev are doing so by empha- 
sizing research. The biology 
department made a ^'conscious 



decision'* in the late 70s to 
emphasize research among its 
faculty, according to department 
chair John Haynes. That empha- 
sis has carried over into the 
curriculum, which has been 
designed to get students into 
the laboratory' early in their 
academic careers. 

**Once we established our own 
laboratories, we could start 
giving research experience to 
students/' explains Haynes. 

Students can spend from a 
semester to two years or more 
working in a lab with someone 
from the Atlanta University 
Center, a consortium of 
institutions including Morehouse, 
Spelman College, Clark Atlanta 
University and Morris Brown 
College. Some receive formal 
credit through two research 
courses: a sophomore-level 
course called Experimental 
Biology and a junior/senior-level 
course. Biological Problems. 
Others work in the labs on a 
non-credit basis. 

The department also runs a 
weekly seminar series which 
brings in outside speakers. 
Students in the research courses 
attend these seminars and write 
critiques which summarize the 
presentation and briefly analyze 
it. The seminars introduce 
students to diverse areas of 
research in biologv'. as well 
as expose them to minority 
scientists who serve as role 
models. In addition to speaking 
in the seminar, visiting scientists 
talk with students about research 
careers and graduate programs. 



A key component of the 
Morehouse efforl is the Research 
Careers Office, which opened in 
1988 with the express purpose 
of increasing the number of 
students who go on to graduate 
school in the sciences. The 
office has recorded upwards of 
100 students per year who are 
interested in summer research 
programs, and a smaller number 
looking into graduate schools. 

'There's been a significant 
increase in the number of 
students who are interested in 
research" since the office 
opened, according to Director 
Rosalyn Patterson, who is also 
an adjunct professor in the 
biology department. 

Some of that interest is due to 
summer research programs in 
which Morehouse students 
work at institutions such as 
the Massachusetts Institute of 
Technolog)', the National 
Institutes of Health, and Brown 
University. Some of it also stems 
from a summer science institute 
for high school students, which 
Morehouse began in 1984. 
That pre ram has grown from 
five students its first year to 
nearly 20 in recent summers. 
/Approximately 859?" of them 
have gone on to major in science 
or mathematics. 

The secret, says Haynes, is to 
put good faculty and good 
students together. At Morehouse 
he adds, they have both. 



clislinclion l)el\\e(Mi classroom atut 
laboraloiy In an efTeclive lahoralory 
where knowledge is being eon- 
slrucled. sludenls do not merely 
repiicale idealizecl experiments 
[)resenled without historical context. 
The conslriiction {)(' personal 
knowle<lge involves a good deal of 



The construction of 
knowledge is also the 
construction of motivation. 



[)lay and many false starts. Nature 
does not always live up to her 
reputation lor [)rediclabilily; 
students must measure things that 
wiggle and recognize things that are 
misshapen. They may use their 
te\tl)ook to clarify and organize 
ideas. I)ut not as a source of 
answers to which tlu^y must 
struggle to match their data. 

The construction of knowledge is 
also the construction of motivation. 
Many scientists testify that science 
l)egan to feel like fun only when the 
text and lecture were left behind 
and the problems look center stage. 
Kver\' student can know the success 
(jf soU ing prol)lems at some le\el. 
\nd not all problems involve 
(juantitative analysis. The skilled 
teacher sets good probh^ns. main- 
laining balance in their level of 
difficulty. Success in problem 
solving is motivating: when solutions 
are out of reach, students experience 
frustration atid self-doubt wliicli 
drives them away tVom science. 

To achieve (he goal of making a 
classrocim into a science c .mm unity, 
it is not eiiougb to organize people 
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into groups. A community shares 



\alucs and fosters mutual respect. 
Students differ in their skills and 
successes. l)Ut in a supportive 
community ihey will not be made 
to feel like failures when tlieir 
achievements fall short of the hop(^s 
of their teachers. A person who has 
not yet learn»'d to [)lay the piano is 
not a failure; he {)r she is only a 
[)eginner. A student who is l)egin- 
ning lo learn science — even a slow 
student — can be hel[)ed to feel 
that with hard work future success 
is still possible. 

I^ecause science and mathematics 
classes have been used by many 
colleges and universities as sorting 
devices lor predicting who will 
make the grade as a "real" scientist 
or a pliysician. the idea of using 
those classes to attract and kee[) 
students rather than to frighten 
them away may seem foreign. 
[)erhaps impossible. Nev(M*theless. 



Good teaching can transform 
introductory science courses 
from a filter to a pump in 
the nation s pipeHne of 
science education. 



good teaching can transform 
introductory science coursers from 
a filter to a pump in the nation's 
[)ipeline of science education. 

Think of our writing class(*s: Do w(^ 
say to our students. ''Sorry, you can 
ne\ (M' learn to write"? Of course 
not. We expect and demand that 
ev(*r\' student will learn to write to a 
reasonable degree. But in science 
and mathematics our expectations 
are different. Too many faculty 
expect that many students will 



[Many students] value learning 
through coiiaboration and 
discussion. And they find these 
missing in the culture of 
competition which they 
associate with undergraduate 
science study. They reject the 
anonymity of large classes and 
the isolation of solo work. 
Instead, they seek very 
deliberately to be part of a 
''culture of commitment and 
competence/' 

-Sheila Tobias. 1990. 
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... I asked myself what it was 
that had so (ascinated me. The 
answer is simple. Ihe results 
were not presented as ready- 
made, but scientific curiosity 
was fi5t aroused fay presenting 
contrasting possibilities of 
conceiving the matter. Only 
then the attempt was made to 
clarify the issue by thorough 
argument. Ihe intellectual 
honesty of the author makes us 
share the inner struggle in his 
mind. It is this that is the mark 
of the bom teacher. 

Albert Einstein. 



fail — will never learn to solve 
quantitative problems, for example. 
In many institutions, calculus and 
chemiiUr\' are the ^eat rivers 
which only some may cross. 

The success of women's colleges in 
educating women and of historically 
Black colleges in educating 
minority students has been well 
documented. The high retention 
rates in science programs at such 
colleges result from the fact that 
communities are fostered within 
which studenti^ feel supported 
and respected. Respect for each 
student is not a technique or a 
deliberate retention program, but a 
background fact that faculty assume 
and that students \jnderstand. 



The Community of 
Learners 

Our model for learning science 
expresses an ideal that no instruc- 
tional program or institution mani- 
fests perfectly. It reminds educators 
of three qualities — community, 
personal character, and context — 
that must be sought constantly to 

♦ ■ -- - - 

The implications of 
"community' for institu- 
tional and departmental 
policies are profound. 

make instruction in science and 
malhemalics effective. It says that 
membership of the learner in a 
community of learners is crucial. 
Adoption of this standard for 
scicrice education would imniedi- 
atelv give most science instnictors 
dozens'of \hings to work on. 



Science educators have traditionalU 
assumed students to be isolated 
individuals. This assumption is 
most clear in the design of the 
introGv , ton' science courses that 
many undergraduates experience — 
a large lecture two or three times 
per week given to an audience of a 
hundred or more students. No one 
pretends that this instructional 
metho<l promotes a sense of member- 
ship in a learning community. 

The implications of "community" 
for institutional and departmental 
policies are profound: they reach to 
architecture, study arrangements, 
access to facilities, grading 
standards and policies, campus life, 
opportunities and arrangements for 
research, visiting speakers, seminar 
programs, displays in the depart- 
ment, internal communications, 
involvement of students in 
educational policies, teaching 
loads, and sectioning of courses and 
laboratories. For individual faculty, 
implications include new attention 
to grading assumptions, homework 
assignments and lal)orator\' exer- 
cises, course emphasis on the social 
context for science and scientists, 
and arrangements for office hours, 
help sessions, tutoring by upper- 
class students, and testing. 

The lack of community is vividly 
demonstrated by the in-depth 
observations of sophisticated 
learners who look such courses in a 
study undertaken l)y Sheila Tobias. 
Grading, for example. \va^ a central 
complaint. These learners did not 
object to ha\ ing th(»ir Competence 
evaluated, but "grading on the 
curve" was de(»ply disturbing, 
for two reasons. One studeni 
commented that you could get a H-f- 
and know that you had mastered 
nothing: you could be "totally 



loir^icd" nil what it fiu^anl or how it 
applied or why ii worked, \el ha\(» 
iTotUMi h> (juile well hv nieMiori/.in<i; 
the tid\ manipulations needed 
to soKe problems. Furthermore, 
urachriii: on the curve was seen as 
the enforcer of the l)anal and 
(h-gradin^ ^'culture of competition. " 
It made learning into a zero sum 
ii:anie. It stifled the impulse to tiet 
together with one or more class- 
males to discuss and work over the 
course content, labs, and problems, 
because curved grading has a (juota 
ot high grades. If your neighbor 
does better, vou do worse. 

The alternative, which demands 
more thought by faculty, is to assign 
grades on the basis of an absolute 
assessment of competence. But 
all an^ in the game together: it is 
the whole class — inclufling tlu^ 
instructor — as a community trying 
to understand nature. 



The Personal 
Character of 



Learning 



One of the major realizations ol 
philosophers of science in the 2()th 
c(MUun is that scitMice is much less 
objecli\e and impersonal than it is 
widely thought to be. Folanyi and 
Kuhn have led this re-evaluation, 
and thc\ argue persuasi\ely that 
misunderstanding is rif(* concertiing 
this aspect of science. It contributes 
to the ugly caricature ol (Ik* >ci(Mi- 
ti>t as a rationally rigorous 
automaton who sees other hinnans 
as tnere items for manipulation, 

Polanyi demolishes th(* myth of 
Q '')tal obj(M-livity by demonstrating 
j^l^l^Ow the scientific process is a 



perpetual feedback betue(Mi the 
individual scientist and a disci- 
plinaiT community that is con- 
nected to the larger community that 
we call a culture. New knowledge 
rrray be won hy the mind and liatids 
of one [)erson. but this is trial 
knowl(»dge until the knowing 
communitv of the disci[)line has 
"Ntood in th(* place" of that investi- 
gator and eventually agrees that the 
new version of reality is true. 

Scienct* r(»lies heas ily on scientists' 
sens(* ol what i> an inlen^sling 
result, an apt or conclusi\c 
e\[)erim(Mit, and 'smificant work. 
These judgments com[)rise the kcv 
characteristics of a scientist, 
and the attributes of judgement, 
incisiveness, and "feel" for realitv 
are decidedly personal. Kvcn the 
proc(\ss of interaction 1)\ which 
scientists form tlu^ conuiiunity of 
knowers is personal, because* it 
invoK es transfer of knowh^dge bv 
standing in another's place or 
seeing through another's eyes. 

This conception of science^ supports 
■*hands-orr' h^arning, one of our 
m()si-re[)(*ate(l admonitions about 
what makes good science instruction. 
"Hands-orr* means doing science* 
in person rather than n^ceiving 
science \icariously. I^e^rsonal 
interaction wilh a well-selected 
scrap ol realit\ m(*ans (hat you s(*c 
it in your own way. that you kno' 
how it looks, f 'els. and smells, thv ^ 
you could do it again, and that you 

•an tak(* the image of it with you to 
use and ponder about forever. 
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The idea that learners should 
be active constructors of their 
own knowledge is a theme that 
runs though many studies in 
science education and cognitive 
psychology. The new principles 
of active learning are being 
adapted and applied in 
hundreds of new educational 
environments. Curricular 
niaterialSr computer software, 
and a wealth of new 
experiences are rapidly 
becoming available to others 
who want to join the enterprise 
of discovery-based science 
teaching. The time has come! 
We should help undergraduates 
move from being passive 
receivers of truths revealed in 
the canonical introductory 
science texts, to being 
disciplined solvers of problems, 
and finally to becoming 
constructors of their own 
knowledge. For those few who 
study science at the advanced 
level, they should aspire to 
create new knowledge that is 
worthy of being reconstructed 
by future students. We should 
help our students ask and 
answer the questions posed by 
Arnold Arons. "How do we know? 
What is the evidence for ...1" 

*" Pri\r{lla Lmws 
l^mjcvi Kaleidoscope 
\a t ion a I Colloquiu m. 
Fehrnary4. 199L 
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Our enterprise is both 
exhilarating and eihausting. It 
requires a pailnenhip among 
studentSr faculty, administrators, 
professional organizations, 
private foundations, legislators 
and government agencies. It 
represents a blending ol new 
and old ideas about learning 
witli new laboratory tools. A 
new philosophy of science 
education is emerging. It 
is epitomized by a proverb 
which serves as the Workshop 
Physics motto: 

1 heai; I forget. 
1 see, I remember. 
I do, I understand. 

Prisciila Laws 
Project Kaleidoscope 
/National Colloquium. 
February 4. 1991. 



Several other shii)l)olelhs of healthy 
science inslruction also have their 
roots in personal knowing. It is the 
basis of the widely recognized 
superiority of small classes where 
learners get to stand in other 
knowers' shoes to learn personally 
the content of the course. It also 
explains the charac:teristics of great 
teachers as persons who can engage 
students by showing without tedium 
or posturing how other minds have 
struggled and prevailed and who 
can shake students loose from self- 
consciousness by disarming 
revelation or a spontaneous joke 
that is apt. These are profoundly 
personal attributes of healthy 
leaching and learning. 



Connections and 
Investigations 

The property of connectedness in 
science is crucial because it gives 
the learner something to think 
about. Lessons lacking connections 
are meaningless, rote, and authori- 
tarian. Since there is little logic in 
such lessons, the learner has no 
means other than the authority of 
the textbook or the instructor to tell 
when the material has been learned, 
what it might be good for. or how to 
keep it straight in memor\'. Only 
a tiny fraction of such learning 
accumulates, and the main message 
of the accumulation is that it was 
not any fun. The world is almost full 
of science avoiders who have 
learned these kinds of lessons. 

Connections can be of man\ 
different kinds. The historical 
context in which scientific or 
mathematical concepts emerged, 
and what ideas they competed with, 
replaced, or joined with to shape a 



new reality is often interesting and 
helpful to learners. Similarly, a 
social context in which a scientific 
concept is important is a wonderful 
way to give the idea plac(* and 
connection Acid rain can interest 
students in the subject of pH. and 
much else. The blue sky-red sunset 
and the greenhouse effect an* 
magnificent contexts for talking 
about almost anything connected 
with electromagnetic radiation. The 
microbiological flora of the human 
species are prompt and useful spurs 
to learning about microbes. 

Investigation should be invoked 
throughout a science curriculum. 
Each science laboratory should 
include open-ended experiments 
in which the objective is generally 
specified but the means of 
achieving thai objective is not. 
Students should be given a 
substantial introduction to the 
disciplinary content and tools in 
the librar)'. and then given an 
investigational assignment that 
opens them to the power of the 
libraiT and the amazing truth that 
they can already read some of the 
original research reports of 



Investigation should be 
invoked throughout a 
science curriculum. 



practicing scientists. Each depart- 
ment should also have a well- 
organized program of research 
opportunities and seminars in 
which all majors are invited to 
participate. Upper-class students 
will socialize lower- level students U\ 
expect that research is simply part of 
learning science, which indeed it is. 



... s*" 
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1 1 i-; a truism amotig profile w ho 
study such things thai icn minutes 
\> ahout lh(» U|)|)<M' limit ofcomforl- 
al)le allenlion to lecture material. 
The alleiition span ol a student in 
ail investigative laboratory is far 
longer. This argument alone should 
persuade us as faculty to change the 
means by which we [)resent 
material to our students. 

But the advantages of the lec:ture 
method have always been attractive 
to faculty, (^hief among these is the 
feeling of reassurance that it giv(\s 
to the lecturer, that he or she is 
working bard, covering the material. 



Ownership ol scientific 
knowledge belongs to 
I he practitioner. 



and giving stu(h'nts their money's 
worth. Lecturing makes the faculty 
member feel good by giving the 
iij)pearance of transmission of 
knowledge being passed down from 
teacher to studetit. Nevertheless, 
there is dece'ption in this notion that 
ideas are transmitted intact by 
means of a lecture. In fact, mastery 
of material is rare in students, and 
it almost never occurs in a setting 
where the learner is passive. The 
essence ol science is process, 
method, and practice. Ownership 
ol x'ienlific know ledge belongs to 
the practitioner. 

These notions of connection and 
investigation ap[)ly with e(|ual 
force to teaching science to general 
students. Non-majors must be 
shown the context of science as 
well. If their courses really lake 
Q pains to demonstrate big ideas 
CD ir^lhoroughly, even bard-core science 
HUMnavoiders can 1)0 educated in science. 



Welcoming 
Students 



If a science major is to be attractive 
to beginning students, introductor\' 
courses must be acct^ssible and 
engaging. Such courses are 
characteristically overstuffed with 
[)re-f()rmed packets of information 
that represent a survey of what one 
needs to know to enter the discipline. 
These courses are typically obtuse 
about the histor\' of the discipbne. 
its methods of investigation, its 
distinctive ways of knowing, and the 
relationship of science to society. 
These connections would be of 
great value and interest to the 
introductory science student. 

In fact, introductory courses 
typically skip over the meaning and 
implications of big ideas, preferring 
to concentrate instead on how one 
applies these concepts to "solve 
[)rol)lems." Much of this "problem 
solving" in introductory physics, 
chemistry, and mathematics is little 
more than repeated testing over not- 
very-sopbisticated — l)Ut always 
tedious — algebraic calculation. In 
l)iologY and geology, the point of 
the packets is to expose the student 
to important concepts and facts, 
the 'lesson" usually consisting 
of memorizing the material 
for an examination. 

The work of these courses — what 
students do with their time — is 
considerable and poses a daunting 
test of [)erseverance. Nonetheless, 
much of this effort is fundamentally 
misguided. It draws on a narrow 
range of human abilities and 
requires inordinate tolerance for 
blandness and lack of connection. 
Proponents of these kinds of 
courses should ask themselves 



I ... would ... do away with 
introductory chefnistry 
lectures completely, and build 
a iirst-year coune entirely 
around experiments. 

" 1 CS Priestley Medalist 
Ham B, Gray. 1990. 
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American 
Chemical Society 
(Mt. Union 
College) 

Global warming. Acid rain. 
Nuclear power. How can people 
make informed de(!isions about 
issues such as these without a 
basic level of scientific literacy? 

The short answer: Tlicy can'l. 
Scientific literacy is essential if 
society is to respond effectively 
to the myriad environmental 
and technological challenges 
of contemporary' life. It's nol 
enough to train scientific 
**experts" to solve all the 
problems; it also takes broadly 
knowledgeable people in all 
walks of life, from the individual 
moiorist and homeowner to 
decision makers in industry to 
leaders in local, state, and 
federal government, who under- 
stand science well enough to 
make intelligent decisions — 
decisions that will determine 
our future. 

The American Chemical Society 
has set out to raise the level of 
scientific literacy in its own 
specialty. Since 1988. the 
ACS has focused a curriculum 
initiative on college chemistry 
for students who are not science 
majors. The primary product 
»f the initiative is a textbook. 
"Chemistry in Context."" which is 



currently being pilot-tesled at 
Macalaster College in St. Paul. 
Minnesota, Mt. Union College in 
Alliance. Ohio, and The Catholic 
University in Washington. D.C. 

An earlier ACS initiative, begun 
in 1981, produced a high 
school text, ''Chemistry in the 
Communitv,'" with a similar aim. 
Published *in 1988, **Cliemistry 
in the Community" has sold more 
than 1 00.000 copies to date. 

The main goals of ^'Chemistn' in 
Context," says Conrad Stanitski, 
one of six authors working on 
the text, are to leach students 
the fundamental concepts of 
chemistr), help them discover 
the theoretical and practical 
significance of the subject, show 
them how to locate information 
that addresses technical issues, 
and develop their ability to think 
critically and analytically in 
such matters as the assessment 
of risks and benefits. 

But it's the books approach to 
reaching these goals thai 
sets it apart. 

Instead of putting principles 
first and postponing applications 
to optional sections. "Clu mistr\ 
in Context" starts with issues 
such as global warming or the 
economics of pollution controls, 
and brings in the pertinent 
chemical principles strictly on 
a "need-to-know" basis. If 
there"s cheniistn- that's needed 
to understand an issue, says 
Svlvia Ware, director of 
education at the ACS. "we teach 
it as it conies up, rather than 
as an introductory unit." 



rhe issues orientation of 
"Chemistry in Context"" me»an> 
that chemistry is not presented 
purely as cut-and-dried series 
of technical exercises witli 
answers at the back of the book. 
''\^e ti-y to move j students) awav 
from the idea that science always 
has a Yiglit' answer." Stanitski 
says. Instead, there is an 
emphaais on decision-making in 
the face of uncertainty. **We tr\ 
to get students involved in some 
kind of informed decision." 
Stanitski explains, stressing 
the word "informed."" 

Could such a course wind up 
widening the gap between majors 
and non-majors? Ware doesn't 
think so. If anything, the majors 
could benefit from a bit more 
context to the content of their 
courses, she says: *'I hope thai 
the kind of thinking that shows 
up in 'Chemistr/ in Context' 
begins to influence the way 
majors are taught." 



s\lu»ther llicv tend lo draw inlo 
science those persons with the 
([ualities a scientist sliould have. 

Several eminent scientists have 
arfijued lhat lt*adin^ students 
to investigate well-selected 
phenomena should be the priniar\- 
aim of introductory science courses. 
Connecting concepts to observable 
phenomena — regardless of which 
comes first — is healthy. The 
phenomenon is reality. 

Beyond the introduction, there must 
be sufficient flexibility in ways of 
progressing through the major. 
Science and mathematics do need 
substantial course sequences. 
Nevertheless, it must l)e made clear 
lo prospective majors that the 

♦ 

Leadinji; students to 
investigate uell-selected 
phenomena should be the 
primary aim of introductory 
science courses. 

pursuit of science has many attrac- 
tive outcomes. If the curriculum 
looks like you must start it in the 
first year, that you have to do 
ever\lbing right for seven straight 
semesters, and that you will be 
(|ualified for a narrow ranj^e of 
career options if you do. there are 
not going to be many takers. Many 
M-ience curricula are set up this 
way in the mistaken belief that rigor 
re({uires it. Wl^ov results when an 
intelligent person realizes that it is 
necessarv in order to be effective. 
When rigor is built rigidly into the 
se(|uence of a curriculum, it is often 
d**slrucliv(» of good education. 
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Buildinji altrai'tive curricula for 
science majors can begin with some 
simple actions such as offering 
introductory courses as often as 
possible, publicizing several options 
for completing the major, and 
designing and scheduling courses 
so that one can complete the major 
by starting in the sophomore year. 
This publicity should also show how- 
different major paths could lead to 
\ arious career outcomes. 

Science departments should also 
have a steady and visible seminar 
})rogram or (dub that all junior and 
senior majors are encouraged to 
attend and participate in. We empha- 
size this because the community of 
science ricetls to meet together, to 
see each other, and to learn what 
the others are doing. .Any research 
going on in the department should 
be presented at seminars, and the 
faculty needs to take a strong role 
in creating a healthy atmosphere for 
it. Stu(Jents who have done good 
research should also be encouraged 
to prepare presentations for local 
academies of science. Sigma Xi. or 
regional science meetings. There 
sboidd also be a sprinkling of 
scientists from outside the insti- 
tution who give preseiuations at 
least once a month. These visitors 
should have substantial time to 
interact directly with students, the 
benefits being that students will 
sense their membership in the 
larger community of science and 
be (irawn into participation. 



To be scientifically literate, it i$ 
necessary to have a minimal 
understanding of the processes 
of science, of scientific terms 
and concepts, and of the Impact 
of science on society. [By this 
standard,] six percent of 
American aduHs would be 
classified as scientifically 
literate in 1988. 

-Jon D. Miller, 1989. 



Science Literacy 

Whereas the fruits of applied 
science and technology 
are substances, processes, and 
(hn ices diat are useful. th(* fruit of 
pure science or mathematics is 

66 



It seems that no univenally 
recognized crisis exists today. 
The energy crisis, tlie trade and 
budget deficits, acquired 
immunodeficiency syndrome, and 
tlie greenhouse effect are 
profoundly serious and deeply 
troubling issues with long-lasling 
consequences, but not one has 
provided the coalescing influence 
concerning courses of action that 
wars provide. One issue does 
seem to be emerging in the 
national consciousness to a degree 
that might provide a coalescing 
influence for concerted national 
action. 1 refer to the crisis in 
American education and, in 
particular its effects on the nation's 
ability to remiin competitive in a 
rapidly changing world. 

- .\SF Director Walter E. 
Massey. 1989. 



mores iblle. It is understandinji. It 
lakes insight and conviction to 
argue that understanding is worth 
substantial effort and expense. 

The reason to be literate in science 
and nialheniatics is the same as to 
be literate in hislor\. literature, 
philosophy, or art. Ignorance causes 
lives to be lived superficially. 
People who don't know that matter 
and energy are discontinuous, or 
that energy is conserved, or that 
life forms cannot be genetically 
"trained" by environmental stress 
are in a real sense less alive. 
Innumerate workers cannot do 
"hack-of-the-envelope" calcula- 
tions that yield odds on events, 
economic preferences, and basic 
insight about the plausibility of 
claim.s. They are more fearful, 
more subject to the predations 
of charlatans and the whims of 
fortune. Adults who are ignorant of 
science are less effective citizens. 



The value of scientific literacy to 
liberal education far transcends 
the practical benefits conferred on 
citizens who live and work in a 
technological society. The proper 
study of science — of its methods, 
its hi -tor>*. its accomplishments, 
and its failures — serves well all 
educated persons. Of the many 
lessons that science teaches, some 
are especially apt for those who will 
l>ecome leaders of tomorrow's scK'iety: 
♦ Learn from mistakes. Science* 
teaches better than most subjects 
what few political or industrial 
leaders ap|)ear willing to admit — 
thai one learns more from what 
goes wrong than fnmi predictable 
successes. Scientists seek insight 
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from experiments that fail. Societ> 
would be well served if all leaders 
expressed authentic respect for 
honest error and openly admitted 
to changing their views. 

♦ Share ideas freely. Science 
thrives on the exchange of ideas 
and data, since only through such 
free flow can understandinjr be 
achieved and validated. Th<* 
benefits that accrue from 
widespread availability of 
information apply as well to other 
spheres of human endeavor: 
insight, understanding, and 
wisdom emerge better from fully 
informed intellectual communities. 
There is no surer defense against 
persistent folly than the bright 
I'ght of complete information, 

♦ Trust information. Although data 
can surelv mislead or be misinter- 
preted, they are less subject to 
anomalous pertud)ations than are 
strongly held convictions or 
ingrained prejudice. To be 
effective in any field, one must 
constantly test ideas against the 
hard truth of reality. This lesson, 
which scientists learn from years 
of laboratorv experience, would 

be of immense value \o our 
nation s political, .social, and 
educational leaders. 

Although no one would claim that 
science is the paradigm for knowl- 
edge — since other persf)ectives 
also make distinctive and valuable 
contributions to our understanding 
of ourselves and our world — 
science does provide importanl 
lessons that shoidd inform all 
aspects of culture and society. 

The design of cour>es uilerided to 
improve science literacy has long 
been susp(»cl. Many institutions 
ha\r weak science requirements, 
and some have none at all. Kaculh 



incn^asii\tily find tlienis(^lv(^s unable 
lo reach agreement on a well- 
itilegraled eore curriculum. The 
alternative is usually a set of 
distribution requirements that 
often lack coherence. 

The courses that are commonly 
offered for this purpose have tended 
to miss the mark for a variety of 
reasons. A typical example is the 
'^Physics for Poets" course which is 
not really for poets but for anyone 
who plans to lake only the 
minimal requirements in science. 
L nfortunately, such courses do nc)t 
introduce interesting issues of 
r^cienoe or art. They are. loo ofteru 
watered-down courses whose 
content is similar to a course for 
r^cience majors but where assign- 
ments are less rigorous, more 
descriptive, and less malhematical. 
These courses introduce lots of 
terms — "basic concepts." proper- 
ties, and definitions. The\' often are* 
neither intellectually challenging 
nor aesthetically satisfying; only 
the dullest, most dutiful, or most 
optimistic students emerge from 
them with the passion for science 
-'till burning. 

Students seeking general education 
in science may of course take an 
introduclorv' course intended for 
science majors, but such courses 
i\rc loo often nol appropriate eveti 
for prospective science majors. 
They are particularly inappropriate 
for non-science majors. Liberal arts 
♦-ludcnls would like lo h^arn llu* 
major imderstandings of science 
and bow they were won. Instead, 
students arc taught an endless 
-stream of technical ch'tail. This lypc 
of course provides poor educcition to 
both majors and non-majors alike. 
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The key missing pro[)erlie*s of 
general education courses in science 
are connections and investigation. 
Students need to see a few big 
ideas of science that are ihoroujrhly 
treated. They need lo peribrm 
hands-on experiments that reveal 
phenomena relevant lo ihtKse ideas. 
♦ ' - 

Students need lo see a few 
big ideas of science that are 
thoroughlv treated. 

explore current siiualioiis and 
historical contexts, and solve real 
problems using the concepts. We 
think of these courses as sitting 
down with a subject for a couple of 
weeks, looking at it in detail, and 
then moving on to the next one — 
without any worn' that not all big 
ideas can be covered in tliis way. 

In recent years various educators 
and critics have chosen undergrad- 
uate education — especially the 
core curriculum — as the site for 
rhetorically heated battles over 
societal values. Science is notabU* 
for its absence from most of this 
ved)al sparring — except for occa- 
sional lip serv'iee paid to environ- 
mental issues, often in a rather non- 
scientific context. Often it appears 
as if the public aversion to science 
extends to the c(jllege campus, 
making science taboo outside 
science departments themselves. 

How often are the contributions of 
sci(*nceand niathemalics treated 
seriously in mainslreani courses in 
historv ? Do the curricula of 
women's studies and ethnic studies 
include seiencM^ as an cqui\\ partner 
in culturey Do core curricula 
rccjuire participation in modern 
science andynathernatics on a par 



During our planning year we 
discovered a landmark book 
entitled bperientisl leamingh^ 
Cognitive PsYcfiologist David 
Kolb, who felt that optimal 
learning in any field tBquires 
the use of a learning sequence 
not unlike tiiose recommended 
by several science education 
researchen. Nostoflhe learning 
sequences we considered mimic 
the time-honored scientific 
method, typically involving 
several steps: (1) making 
predictions, (2) testing the 
predictions with casual 
observations* (3) reflecting on 
the observations and making 
correlationSr (4) developing 
formal models and theories, 
and finally, (S) testing of these 
theories quantitatively and 
applying then to new 
phenomena. It came to our 
attention that observational 
learning might be greatly 
enhanced by kinesthetic 
experiences in which students 
use proprioceptive senses to 
feel forces, remember distances, 
cause motion or experience the 
tingle of electric current. 

~ PriM'illa Imivs 
Project Kaleidoscope 
\' 01 ion al CoUoqu turn, 
Fchnuiryk 1991, 
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Swarthmore 

Lawyers might not like sur- 
prises on the witness stand, but 
scientists live for them in the 
laboratory. It's when something 
unexpected happens that you 
learn something — if not about 
nature, then at least about what it 
takes to run an experiment. 

That's the message Barbara 
Stewart has brought to the 
introductory biology labs at 
Swarthmore College. Stewart 
and colleagues have designed a 
series of "investigative" labs in 
which students take an active 
role in designing their own 
experiments. Not everything 
goes as planned — and that's 
where a lot of the learning 
takes place. 

By contrast, students in a 
standard "demonstrative" 
lab follow a cookbook set of 
instructions designed to produce 
results that are known in advance. 
All too often, students in such 
a lab are more concerned with 
geUing the "right answer" than 
with learning science. 

**lf students write up the 
[experimental] protocol them- 
selves, then theyVe more 
interested in what they're doing." 



Stewart explains, adding that 
''we also found it was important 
to let them go ahead and make 
mistakes." The open-ended 
nature of the labs and the fact 
that the teacher doesn't always 
know what the students are going 
to find appeals to the students, 
she says. "They're intrigued that 
they're getting new data." 

Stewart s labs typically require 
two periods each. The first 
period focuses on learning basic 
techniques and data recording 
procedures. For example, to 
study properties of tyrosinase, 
the enzyme that makes potatoes, 
rpushrooms, and other produce 
turn brown when exposed to 
oxygen, students learn to extract 
the enzyme and measure the 
rate of discoloration using a 
spectrophotometer. The students 
then split up into small groups of 
two or three to design a protocol 
for the second week's lab. which 
might be to investigate the 
effect of temperature of pH on 
tyrosinase activity. The planning 
may take much more time than 
the lab itself — that's a good 
sign, Siewart says. Their protocol 
is checked for gross technical 
errors at the beginning of the 
second period, ar.d then they 
get to work. 

That's when the surprises 
happen. A student may dis- 
cover, for example, that when 
you put a cold test tube into a 
warm spectrophotometer, you 
get condensation on the outside 
of the test tube that makes it 



impossible to get a reading. 
Or the enzyme may denature 
in a bath of hot water. "These 
surprises confound and intrigue 
students and compel them to 
alter their experimental 
design,*' Stewart says. "These 
unexpected occurrences always 
are remembered by the students 
and contribute greatly to 
their education."" 

The Swarthmore biology 
department has also added a 
formal writing requirement to the 
investigative labs. Students not 
only design and run their own 
experiments, they also report on 
them in a professional scientific 
style. To make the writing 
component work well, the 
Gepartment hired a writing 
consultant, who comments on 
students' first drafts, confers with 
them as needed, and generally 
dispenses advice and wisdom. 

The investigative labs and 
the writing component go well 
together. "Students appear more 
enthusiastic about writing a 
scientific paper that informs the 
instructor of the methods and 
results of their own experiment 
because they realize their data 
is unique and will contribute to 
the instructor s knowledge and, 
indeed, to the discipline " Stewart 
says. The upshot: Students 
learn ''a lot more biolog)."' 



with llie re(|uiremeriLs in humanilics 
and artsy Have scientists chosen 1.0 
hecotne involved in such issues^ 
On mosl campuses, the answers to 
these (juestions are negative. For 
the most part, science is marginal- 
ized hy the curriculum to a separate 
turf*, disconnected from other courses 
and from the daily lives of students. 

If undergraduate education in 
science is to be effective, the natural 
science communities must he 
l)roadened to include, in appropri- 
ate ways, the entire campus. 
Students need to hear from facultv 
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If undergraduate education 
in science is to be effective, 
the natural science 
communities must be 
broadened to include, in 
appropriate ways, the 
entire campus. 



in all fiehls about the connections 
of their discipline to science, and 
about the impact that the scientific 
and information revolutiotis have on 
all parts of human culture. 



The Lean, Lab- 
rich Curriculum 

Science has {»xf)aruled at such a 
furious rate that no individual can 
hope to learn but a fraction of (»\ en 
on(» specialty. Fortunately, this 
expansion ceaselessly gives rise to 
better and more general methods of 
inv(»stigalion. The healthiest 
scietic(* curricula, therefore, 
constantly review and turn o\er 
jheir content because parts ol the 



huge "canon" of the discipline — 
the established knowledge and 
methods — must be displaced by 
more important or coherent material. 

I rifortunately, stagnation is a 
c{)nmion failing of science and 
mathematics curricula. Its prevalent 
manifestation is a cuiTiculuni that 
has loo much in it. Its signs are too 
inuch detail, incoherence in the 
lessons or their progression, and 
declining success in getting students 
to undertake the curriculum or to 
[)ersist in it. Stagnatioti also shows 
itself in outdated and inadequate 
facilities. First-rate libraries, 
instrumentation, and laboratories 
are expensive, but they are 
cspet'iallv hard to finance when 
they are not being used effectively 
in instruction and research. 

The benefit of investigation for 
teachers is the insight that one 
doesn't need to know or l)e exposed 
to everything in order to be 
(•quipped to work in the discipline. 
This criterion works like fresh air to 
ventilate a stuf fy curriculum. Some 
phenomena are simply more 
instruc-tive than others. Only certain 
laboratory tecliniques need to be 
taught. They need to be taught 
carefully and deeply — so that 
students see what is realiv at issue 



One doesn't need to know or 
be exposed to everything in 
order to be equipped to 
work in the discipline. 



in using the techniques effectively — 
hut not every technique needs 
to be taught. Shrewdly selected 
experiments will stand for lots of 
others that use similar principles, 
as will well-cjiosen themes for 



We want our faculty members 
to teach science to students, 
not to teach about science 
to students, 

~ Buck net I University 
President Gary Sojka, 

mo. 
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I distinguish two aspects ol 
science: content and enterprise; 
one is classified knowledge^ the 
otiieris tlie way in wliicli 
scientists worl( andthinl(. The 
one way in which we write up 
our results, in papers and books, 
in the passive voice, gives the 
impression that we start with 
precise measurements and 
proceed by strict logical steps to 
incontrovertible conclusions. The 
way we really do it - starting 
with hunches, making guesses, 
making many mistakes, going 
off on blind roads before hitting 
on one that seems to be going 
in the right direction - that is 
science in the making. 

~ Berkeley chemist Joel 
Hildebrand. 1957, 
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classroom presentation. Good 
curricula should emphasize big 
and important ideas. Tlic who. 
what, where, when, and how of 
these ideas should be considered 
in detail, so that students taste the 
logic, the power, and the excitement 
of knowing. 

The personal experience of the 
instructor in investigation provides 
useful insight to make hard curric- 
ular choices. The instructor who 
loses sight of the uses students have 
for disciplinary knowledge has no 
scalpel for shaping the curriculum. 
The instructor innocent of investi- 
gation has no firsthand sense of 
what is truly important and what 
can be learned later if the need 
arises. Undisciplined curricula can 
be exceedingly costly, sometimes 
difficult to detect from outside, and 
of little benefit to student learning. 

The sign posts to a healthy curricu- 
lum point in the direction of a lean 
and lab-rich environment. The lean 
curriculum has been pruned by 
the experience of its instructors in 
disciplinar>' investigation and their 
expectation that the curriculum 
ought to prepare students to use 
what they learn. A lean curriculum 
provides students and faculty witli 
the time and resources to have a lab- 
rich curriculum which personalizes 
lessons and connects ideas to the 
investigative process, laboratories 
are essential to such experiences, 
but valuable investigation can occur 
as well in stairwells of science 
buildings, at field stations and 
museums, in front of computer termi- 
nals, in discussions, recitations, and 
problem sessions, and in lecture 
demonstrations. "i>ab-rich" refers to 
the property of a curriculum that pro- 
vides experience in the subject mat- 
ter, and many settings can do this. 
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Undergraduate 
Research 

Many anecdotes and some studies 
suggest that the greatest single 
influence that transfornis a science 
student into a young scientist is an 
undergraduate research experience. 
Although student-faculty research 
partnerships are costly in college 
resources and faculty time, they 
represent for many faculty the most 
rewarding aspect of teaching and 
for many students the most effective 
approach to learning. A college that 
emphasizes genuine research for 
its students is simultaneously 
supporting professional development 
for its faculty. And here another 
familiar distinction is blurred: that 
between teaching and research. 

Students often report that undergrad- 
uate research experiences are of 
immense value, generating insight 
from such simple problems as 



The creation of knowledge 
that is truly new is 
exhilarating for both faculty 
and students. 



figuring out what type and size flask 
to use for a chemical reaction. h()\N 
to use or fix an instrument, and how 
to find what you need to know in the 
library. They also report that these 
research experiences were valuable 
for all manner of subr^ecjuent 
settings such as medical school, 
graduate school, law school, and 
business managemt^nt. 



Arkansas College 

''Undergraduate student-faculty 
research is the highest form of 
education," slates Bert Holmes, a 
cheihistry professor at Arkansas 
College in Balesville. Arkansas. 
But can a small college with only 
a few hundred students afford to 
start up an undergraduate 
research program? 

The answer is an emphatic "Yes,"' 
according to Holmes. "All it 
takes is one person who's really 
dedicated," he bays. That, 
and the support of the college 
administration to develop a 
systematic plan to acquire 
the funds, faculty, and facilities 
it takes to establish a first- 
rate program. 

"After all," says Holmes, "if 
undergraduate studenl-facult\ 
research is sound educational 
pedagogy for students at larger 
colleges, it should also be a 
noble cause at any college.'" 

Holmes came to Arkansas 
College in 1983. with the 
specific mission of initiating 
student-faculty research. A 
chemist whose research interests 
run to gas phase kinetics. Holmes 
joined a science division with 
four faculty members, including 
one chemist. The number of 
chemistr)' majors fluctuated 
between 1 and 3 graduates 
per year. (The school had 
approximately 4(K) students 
at the time.) 



All those numbers have 
increased. There are now 11 
science faculty, including 3 
chemists. The college (with an 
enrollment of approximately 560 
students) is currently averaging 
5 chemistr)' graduates per year, 
with roughly half going on to 
graduate school. That may not 
seem like much, but considering 
the number of small colleges, 
there is potential for a sizable 
impact. "If ever\' small college 
could add just 4 or 5 more 
graduates, that would be 2000 
more chemists each year," 
Holmes points out. These colleges 
"represent a vast resource of 
potential chemists that should 
not be ignored," he adds. 

The driving force has been 
the student-faculty research 
program. Since 1984, Holmes 
and colleagues have worked with 
more than two dozen students on 
summer research projects in 
biolog)' and chemistry. The 
program has grown from 4 
students working with 2 faculty 
members in 1984 to 10 students 
and 4 faculty in 1990. Many 
more students participate in 
research during the regular 
school year, including the 
college s January interim. 

'They're real success stories." 
division chair Robert Carius says 
of the students researchers. One 
student, for example, worked 
four straight summc rs in 
Holmes's lab on the kinetics of 
fluorocarbcms. His work paid 
off with a paper in the Journal 
of Physical Chemistrv*. The 
student, who graduated with 
a major in chemistrv' and 



mathematics, continued with 
graduate studies in chernistn- 
at Stanford University. Other 
students have gone on to 
graduate school at places 
such as Berkeley and Rice. 

Holmes's ''grand scheme" 
involved a five-year plan 
to obtain research-quality 
instrumentation, drum up fuiids 
to support students during the 
summer, expand the college 
librarv's collection of chernistn* 
journals, and recruit new faculty 
committed to undergraduate 
research. The college is now at 
work on a renovation plan for 
the science building. 

Timing is critical in any such 
program. Holmes says. But an 
even more critical quality, he 
adds, is "persistence — you 
have to have someone who 
believes in it so much that they 
won't accept 'No' for an answer." 



The creation of knowledge that is 
truly new is exhilarating^ for both 
faculty and students. When that 
research is publishable. as so often 
it is, the reputation of the college is 
enhanced, the scientific work of the 
faculty menfiber is affirmed, and 
the career of a student scientist is 
launched. Many liberal arts 
colleges make student research a 
primary instructional mode for 
advanced siudenls. The pleasures 
and rewards of studenl-facully 
research partnerships should be 
extended to more students — in 
more institutions, in all science 
disciplines, and earlier in students' 
college careers. Students can 
be prepared to lake maximum 
advantage of such opportunities if 
their introducton' and intermediate 
classes offer a prototype of the 
research environment. 



gram — into the larger community 
of scientists. The research effort 
causes the faculty member to read 
current journals, maintain contacts 
with other scientists, write proposals 
and papers, sen'e as reviewer of the 
work of others, participate in scien- 
tific meetings, visit other lalK)ratories. 
maintain decent instrumentation, 
and keep the librar\' holdings 
current. There are multiple benefits 
here for students, the faculty 
member, and the sch(X)l. 

Research and scholarship arc a 
matter of vision, persistent and 
able faculty, a little money, and an 
administration that value them. 
Science is dead in the classroom 
without the quickening spirit 
of investigation. 



Scholarship helps faculty ''discipline' 
both their own professional work 
and the college s curriculum. 
Faculty-initialed research places 
the faculty member doing it — and 
therefore his or her academic pro- 
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MATHEMATICS: THE FOUNDATION OF SCIENCE 
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To understand nature, one must 
learn to speak nature's language. 
Nund)en shape, dimension, chance, 
change, symmetr\' offer vocabulary 
a|)propriate to both obsei-vation and 
theory. Mathematics is the apt 
language to express human under- 
standing of nature, yielding returns 
on insight that, in Eugene Wigner's 
memorable phrase, are "unreason- 
ably effective." Mathematics is 
"a wonderlui gift that we neither 
understand nor deserve.'* 

Historically, mathematics has been 
set apart from the natural sciences 
as a discipline rooted more in a 
priori epistemology than in empirical 
investigation. Mathematical truths 
are absolute: mathematical proofs 
are exemplars of convincing 
argument. In learning mathematics, 
one h^arns not only the langUcige 
of nature, but the archetype of 
reasoning on which our scientific 
and technological society is based. 

Today, however, as computer 
methods intrude empirical methods 
into mathematical investigations, 
the repertoire of those who practice 
mathematics often includes 
activities similar to those ol th(* 
laboratoiT scientist. Exploration, 
conjecture, hypothesis, and 
investigation -div as much part ol 



Malliematirs can he said to 
he the science of patterns. 



the modern mathematical method 
as tlu^y are (if scientific practice. 
In(h»ed. math(M!iatics is itself 
l)ec(jming a l\pe of science: as 
biology is the science o( 'e, and 
physics is the .science ' malltT and 
cii(»rgy, s(» niatbenuilics can said 
to be the science of [)allcrns. 



.Mathematics is the foundation 
of sci(*nce: without strong 
mathematics, there cannot be strong 
science. Because it is a foundation 
subject- mathematics — like 
F^nglish. but unlike physics — 
incorporates a full K-12 school 
curriculum preceding college. Kor 
this reason mathematics has been 
justly accused of being the "critical 
filter" that impedes free How in 
our nation's scientific and 
technological pipeline. 

One consequence of being both 
the foundation and filter lor science 
is that mathematics has been thrust 
into the foreground of national 
efforts to revitalize science and 
engineering education: unless mathe- 
matics l)ecomes a pump instead 
of a filter — to use a mechanical 
metaphor — the ilow of students 
into scientific careers will remain 
inadequate to America's needs. 
Indeed, the mathematical commu- 
nity has responded with energy and 
vision: the nations mathematics 
teachers have responded to the 
challenge with new standards for 
school mathematics: the National 
Academy of Sciences has issued a 
series of reports on mathematics 
education: and the National Science 
Foundation seieclerl calculus as one 
of two target areas for the initial 
phase of its recent undergraduate 
curriculum initiative. 

One paramount lesson has 
emerged from the many recent 
national initiatives concerning 
undergraduate mathematics: for 
most students, the traditional way 
mathematics has been taught in 
universities does not work. W liat 
gives this m(*ssage meaning, 
h()wev(»r, is the recognition that 
oilier styles ol learning do work, 
and that thev work even for 



Undergraduate mathematics is 
the linchpin for revitalization of 
mafhentatics education. Not 
only do all the sciences depend 
on strong undergraduate 
mathematics, but also all 
students who prepare to teach 
mathematics acquire attitudes 
about mathematics, styles ol 
teaching, and knowledge ol 
content from their 
undergraduate experience. 
No reform of mathematics 
education is possible unless it 
begins with revitalization of 
undergraduate mathematics 
in both curriculum and 
teaching style. 

~ "Everybody Counts/* 
J 989. 
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Exploration, experimentalion, 
and innovation - along with 
occasional failures - are the 
hallmarks of a department that 
is committed to effective 
education. Mathematics 
programs that work can be 
found in all strata of higher 
education, from small private 
colleges to large state 
universities, from average to 
highly selective campuses. 
The variety of maihematics 
programs that work reveal 
what can be achieved when 
circumstance and commitment 
permit it. 

~ '''ChaUenges for College 
Mathematics.^* 1990. 



students whose backgrounds suggest 
little prospect of success. Across 
the landscape of U.S. colleges and 
universities, mathematics depart- 
ments of even' size and type are 
beginning to adapt their traditional 
styles of instruction to new 
approaches that are more effective. 



What Works 

Although details and emphases 
differ greatly from one institution to 
another, the general features of 
programs that work in undergradu- 
ate mathematics reflect principles 
that are widely practiced in the 
nation s liberal arts colleges: 

♦ Community, Students learn best 
when they work with each other 
and w^itli their instructors to 
explore ideas, articulate possi- 
bilities, and critique analyses. 
They need to speak and argue, to 
listen and learn in a supportive 
environment that sets high 
expectations even while 
encouraging risks and 
supporting failures. 

♦ Investigation, One of the insights 
revealed by contemporary 
research into learning is that 



Mathematical concepts are 
distinctly personal. 




mathematical concepts are 
distinctly personal — that these 
concepts are constructed anew by 
each student in terms of his or her 
unique background, rather than 
transferred as a finished body of 
knowledge from instructor (or 
textbook) to student. To learn 
mathematics, students must be 
provided ample opportunities to 
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♦ 

Good mathematics leachin^i 
constantly reveals 
connections, 

investigate and explore in 
realistic contexts that encourage 
the development of important 
mathematical constructs. 

♦ Experience. Although mathe- 
matics is a deductive, cerebral 
discipline, the learning of 
mathematics (whether by a 
student or a researcher) requires 
considerable experience with the 
raw material from which patterns 
emerge: real data, computer 
simulations, observations, and 
visualization. Today computer 
labs establish powerful environ- 
ments that permit students 

to experience mathematical 
patterns, thus enhancing 
motivation and understanding of 
more theoretical approaches. 

♦ Connections. Mathematics 
provides a window through which 
students can perceive scientific 
connections: by abstracting a 
pattern from a particular context 
(e.g.. bacterial growth), the same 
pattern can be seen in unrelated 
contexts (e.g.. compound interest). 
Good mathematics teaching con- 
stantly reveals connections, both 
within mathematics (e.g.. number 
theorv' applied to computer codes) 
and with other disciplines (e.g.. 
geometr)- applied to cosmology). 



Several recent studies stress the 
need lo I'oeus mathematics leaching 
on ways lo develop each sludent's 
mathematical power — a mixture of 
self-coniklence, specific skills, and 
actual experience that enables the 
graduate to use and teach mathe- 
matics with flexibility, authority. 



Empowerment flows from 
motivation for learning. 



and wisdom. Such learning occurs 
most readily in a supportive 
environment built on a lean, active, 
experience-centered curriculum 
that stresses insight and princif)les 
over techniques of computation. 
The focus of such a program is as 
much on the personal developnienl 
of students as it is on their mathe- 
matical maturity: empowerment 
Hows from motivation for learning. 



Breaking Barriers 

As the critical filler for students 
preparing for careers in science and 
technology, mathematics bears 
much of the burden of failure in the 
U.S. system of science and mathe- 
matics education. On the one hand, 
the nitcring action of mathematics 
i^ performed at the behest of 
science and society: school [lolicy 
at all levels uses perlbrmance in 
mathematics as a key indicator o{' 
future success. On ihc other hand, 
the practical effect of the matlie- 
mati(\s filter is to impose selective 
pressure on different so( Metal 
groups, inhibiting especially the 
.scientific career aspirations of 
women, Blacks, and Hisf)anics. 
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In recent years the demographic 
reality of the emerging U.S. 
workforce has awakened policy 
leaders to an impending crisis of 
scientific leadership. In the first 
decade of the next centur\\ four out 
of even' five new workers who enter 
the workforce will be drawn from 
those in our population who are most 
heavily filtered out of the scientific 
[)ipeline by their experiences with 
school and college mathematics. 
To ensure an adequate supply of 
scientific and tec-hnical talent, the 
U.S. must adopt different strategies 
that will help convert mathematics 
from a filter to a pump. 

Too often students are victims of 
a conspiracy of low expectations 
created by parents and teachers 
who think that only those with some 
special gift are capable of learning 
mathematics. In order for students 
to gain self-confidence in their 
mathematical abilities, teachers 
above all must demonstrate 
{•onfidence in their students" ability 
to learn. Teachers of students who 
succeed with mathematics do not 
accept the notion that certain 
students are destined to fail. 

Tragically, schools have reinforced 
expectations of unclerachievement 
by a tradition of tracking that denies 



Precalculus courses all too 
often do little more than 
remind students of their 
past failures in mathematics, 

to children equal opportunities to 
h^arn. It is imperative that colleges 
avoid similar mistakes by perpet- 
uating the stigma of remediation. 
For example, precalculus courses 
all too often do little more than 
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Under^raduale students should 
not only leam the subject of 
(nathentatics, but they also must 
learn how to leam mathematics. 

*- "Challenges for College 
Mathematics,^' 1990. 
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The fact that the number of 
Young people selecting science 
and engineering careen 
has not increased during a 
generation in which [science 
and technology] pervades every 
aspect of our lives is nothing 
less than a scandaL 

~ AAAS President Richard 
C. Atkirvion, 1990. 
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remind students of their past failures 
in mathematies. Fortunately, there 
are many colleges — especially 
smaller institutions and the 
historically Black institutions — 
where beginning courses do draw 
students forward into advanced 
study of science and mathematics. 
But on many other campuses, 
especially in larger institutions 
with more impersonal settings, the 
precalculus course completely fails 
to achieve its purpose of enabling 
students to succeed wMtb calculus 
and to enter calculus-based careers. 
It is not uncommon to find on these 
campuses that only a tiny fraction of 
students who begin in these courses 
actually reach their objective of a 
career in science or mathematics. 
This failure is largely predictable: 
the instruction in these courses 
merely repeats in content and 
approach the corresponding high 
school course, thus signaling clearly 
the remedial nature of the work. 

P'irst-year students should instead 
plunge directly into a supportive 
community of learners where each 
student is expected to learn and is 
openly respected for what be or she 
already knows. Teaching methods 
that work in mathematics resem- 
ble those that work in science: 
exploration, discussion, group work, 
reading, writing, and reporting. 
Active learning will engage the 
student's mind to constnict 
meaningful knowledge of lasting 
benefit. By moving ahead to new 
ideas — with support to fill in 
missing pieces as needed — each 
student will grow in expertise and 
confidence. Instead of repetitive 
remedial work, tbe student will 
l)e (liallenged to explore exciting 
areas of mathematics that are 
recognized steps along the pathway 
to professional stature. 
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Many students enter college having 
been sold short by schools that 
(*ondone (and sometimes even 
encourage) minimal preparation in 
mathematics. Many such students 
are quite capable of advanced work 
in science and mathematics, 
but need to have their interest 
rekindled. To attract these students 
to the collegiate study of mathematics, 
many institutions have introduced 
innovative courses in quantitative 
reasoning, workshops in elementarv 
mathematics, and first-year mathe- 
matics seminars as alternatives to 
tbe traditional precalculus course, 
Much of this exploration takes 
place naturally in liberal arts 
colleges where the environment 
encourages curricular innovation. 

Reinforcement and broad support 
are crucial to students* success in 
mathematics, as well as in science. 
Too often mathematics is ignored or 
deprecated in other science courses: 
too often mathematics is more 
suppressed than enhanced across 
the curriculum. Students need to 
know that mathematics is of value — 
not only to their mathematics 
professors, but to many others as 
well: they need to be assured that 
the hard work required to learn 
mathematics will be respected and 
rewarded in other disciplines. 
Enhancing self-esteem, especially 
in those who may ha\e not bad a 
strong school mathematics back- 
ground, requires effort from tbe 
whole campus community. 



University of 
Houston- 
Downtown 

Mathematics is often seen as 
the most difficult discipline to 
whip into shape, as far as giving 
students practical, hands-on 
experience with problems of 
more than a textbook nature 
goes. The logical development 
of the subject neither needs 
nor lends itself to 'Veal world" 
applications — and anyway, you 
have to study a lot of math for a 
long time before you can do 
anything with it. Or so goes 
the argument. 

The University of Houston- 
Downtown doesn't buy it. Math 
majors there have an opportunity 
to round out their studies with a 
senior practicum which has them 
work on very real problems with 
people at such ver\' real places 
as the Johnson Space Center, the 
Texas Medical Center, and the 
Center for Population Dynamics. 

The mathematics program at 
the University of Houston- 
Downtown (a strictly under- 
graduate campus, with 
approximately 8500 students, 
occupying a single building in 
the heart of Houston s business 
district) is designed so that 
students can take a bachelor's 
degree and put it right to work. 
The program "emphasizes 
immediate employment." 



according to chairman Richard 
Alo. That means emphasizing 
the applicability of mathematics. 
It also means emphasizing 
communication skills, especially 
writing — another thing that is 
often not associated with math. 

The senior practicum is a 
"capstone" course taken by 
about two-thirds of the majors 
each year. The participants are 
carefully screened and chosen on 
the basis of their overall abilities. 
They work with a faculty 
member from the mathematics 
department and two others from 
elsewhere in the university and 
in local industry. The entire 
group of practicum students 
meets weekly with Alo, who 
guides them in writing assign- 
ments and discussion. 

The practicum involves "a lot 
of writing," Alo says. And 
the results pay off. Outside 
evaluators have said that many 
of the final reports written by 
practicum students could qualify 
as Masters theses. Some have 
even turned into published 
professional papers. 

^'Students go into this 
enthusiastically," Alo says. No 
wonder, considering the types 
of problems they have to choose 
from. At the Johnson Space 
Center, for example, students 
have developed new techniques 
for robotic arms to work as 
retrievers in space. They have 
also worked on flight simulators 
for astronaut training and "fuzzy 
logic" — a new mathematical 
approach to decision making in 
the face of uncertainty. At the 



Texas Medical Center, students 
have analyzed blood chemistry 
arid height-weight data in order 
to establish the equations needed 
to determine the level of drug 
delivery for cancer patients 
undergoing chemotherapy. 

The practicum is preceded by a 
one-semester seminar taken by 
all math majors. The aim of 
the seminar. Alo explains, is to 
synthesize the students" previous 
mathematical training and help 
them '^become better aware of 
the breadth and depth of tht^r 
mathematical education." Even 
for students who do not go on 
into the practicum. the result is a 
broader outlook on mathematics 
and better preparation for 
bringing their mathematical 
skills to the workplace. 



Mathematics may be the only 
discipline that bases its 
instruction on tiundreds of 
exercises of five minutes or less. 
It Is no wonder that students 
respond by doing without 
thinking, flushing everything as 
soon as the test is ove( and 
never seeing the connections, it 
is a lousy way to teach, and 
almost anything that breaks that 
pattern is a good idea. 

- "Trimiag the CgIcuIms 
Pump,'' 1990. 



Few students learn a mathematical 
idea well the first time they 
encounter it. Far more commonly* 
students need to see an idea (for 
example, integration) from several 
different points of view — geometric- 
analytical, applied, computational — 
before thev are able to construct for 



Few students learn a 
mathematical idea well the 
first time they encounter it. 



themselves, in their own mind, a 
model that both works and lasts. 
Science faculty need to recognize 
this need for multiple exposures as 
a natural part of all learning 
processes, and not as a failure of 
the student to learn or of the 
mathematics instructor to teach. 
Students' mathematical self-esteem 
can be destroyed as easily in a 
science class where ridicule rains 
on those who have forgotten a key 
formula as in a mathematics class 
where the lecturer takes far loo 
much for granted. 

A better model, which thrives in 
a climate of dialogue and good 
will among scientists and 
mathematicians, is for science 
instructors to willingly reconstruct 
the relevant mathematics in the 
context of their own applications, 
showing equal respect for those 
students who have forgotten what 
they learned in their mathematics 
class as for those who remember. 
Such differences do not distinguish 
smart from dumb students, nor 
do they reveal incompetent 
mathematics instruction. What they 
do reveal, and what ever\' instructor 
needs to be sensitive to, are 
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students at different stages of their 
mathematical development. To help 
all learn mathematics, each profes- 
sor — in natural and social sciences 
as well as in mathematics — must 
accept the responsibility of adding 
one more perspective to the student s 
emerging view of mathematics. 

Mathematics is a difficult subject 
which takes a long time to learn. 
Virtually all students, properly 
motivated, can learn it, although 
different students will learn at 
different rates and with different 
styles. The personal, active, 
exploratory context for learning that 
is characteristic of liberal arts 
colleges provides an ideal frame- 
work in which students of varied 
styles and approaches can succeed. 
Many universities have recently 
begun to develop programs of 
similar focus and intensity, and 
have reported significantly 
improved results. What all these 
programs have in common is 
respect for the student, belief in 
the student's ability to learn 
mathematics, and numerous layers 
of support that provide a personal, 
multi-dimensional character to 
the context for learning. 



Instilling 
Motivation 



The paradox of mathematics is how- 
such a powerful subject has been so 
easily trivialized when packaged in 
standard introducton' courses for 
undergraduates. Instead of re- 
creating the wonder of Descartes' 
discovery of how algebra can reflect 
geometr>', students in precalculus 
courses spend hours memorizing 
formulas that they will rarely ever 
use again. Calculus students 



\\rt»stle with rules for dilTerentiation 
and integration without understand- 
irif? the historical signiricaiu e of 
calculus as the engine of the 
scientific revolution. In statistics, 
students n^iemorize summation 
formulas for correlation and stan- 
dard deviation instead of exploring 
the profound yet controversial logic 
of scientific inference based on 
statistical reasoning. 

There are many good examples of 
meaning-filled introductory' courses 
in the mathematical sciences, hut 
unfortunately these are not the 
norm. Contemporary experiments 
cover the spectrum of first-year 
courses, including calculus, statis- 
tics, (Quantitative literacy, discrete 
mathematics, and precalculus. 
Virtually all have in common 
decreased emphasis on ucquisitit)n 
of algorithmic skills (for processes 
that are now almost always done by 
computer) together with increased 
emphasis on fundamental concepts 
of deep significance. 

As learning sliifts from technique 
to concept, courses become less 
mechanical and more reflective. 
Teaching styles that were devel- 
oped for delivery of mechanical 
courses — large lectures with 
routine homework — are no longer 
adecjuate to the mental and verbal 
intensity of a meaning-fdled, 
('onc(*pt-intensive course. So tht* 
shift to a more effective model of 
InstRJction is intimately related to 
the improvement of introductor)' 
course^: only vvilh an active- 
supportive, experience- rich niod(»l 
of learning can one hope to engage 
students effectively in the big 
issues of mathematics — in cliange 
and chance, in dynamics and 
inference, in form and (juantity. 
-^ V' hereas r^leriie techniques can be 



taught and learned without special 
instructional effort, deep ideas 
recjuire a rich context for learning. 

One of the many impediments that 
make such meaning-filled courses 
difficult to implement is the 
tradition of expectations that have 
grown up around calculus, and. to 
a lesser extent, around statistics. 
Students come to expect a tech- 
niques course, so anything else is 
viewed with suspicion and hostility. 
Some mathematicians and 
statisticians are urging radical 
reform {"'hy-pav^s surger)") to 
avoid entirely the restraint of 
conventional wisdom imposed 
by the c^alculus and statistics 
markets — each representing well 
over half-a-million students a vear. 



As teachers of collegiate 
inatheniatics, eacli of us has 
always thought deeply about 
whaf we teach. Our call for 
change requires us to think 
equally deeply about how 
we teach. 

- -.4 Cull for Cliange. " 1991. 



As mathematics has come to [)e 
used in a wide variety of disciplines 
aiid vocations, as the spectrum of 
commonly used mathematical 
methods has expanded to include 



Whereas sterile lechniques 
can he tausht and learned 
without special instructional 
effort, deep ideas require a 
rich context for learning. 



statistics anrl computing, and as 
public demand has risen for college 
graduates to be quantitatively 
literate, the lime may now l)e at 
hand lo explore u new first year 
mathematics curriculum that 
belonj^s fully to neither the calculus 
nortlie statistics tradition. The 
(|uestion is simple: how can on(» best 
introduce first-year college students 
lo mathematics, rather than just lo 
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We discovered af Berkeley that 
we couid serve 100 to 200 
students very weii in a faculty* 
managed intervention program. 
I was amazed to learn that at an 
elite private liberal arts college 
with which I am working, 
Freshman Calculus is done the 
same as at Berkeley. The course 
has the same teitbooks, the 
largest enrollment, and gets the 
least faculty energy. When 
we looked at ten years of 
mathf^matics majors, we 
discovered that only four majors 
in ten years bad actually taken 
first>semester calculus. So we 
had a freshman program that 
was not an effective route into 
the major. 

" Uri Treisman, 
Project Kaleidoscope 
l\'ational Colloquium 
February 4. 199L 



calculus or to statistics? Of course, 
a new first-year course would 
entail, eventually, a complete 
reconstruction of the mathematics 
major. Such a challenge, though 
immense, might emerge as an 
outgrowth of some of the many 
experiments now underway. Lilieral 
arts colleges offer an ideal venue for 
such curriculum construction, both 
because of size — small enough 
to make change possible — and 
institutional commitment — strong 
enough to make change likely. 



Preparing 
Teachers 
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Undergraduate mathematics is 
unique among the sciences in its 
extensive responsibility for preparing 
teachers, both of school mathe- 
matics and. indirectly, of college 
mathematics. Approximately one 
in five students who major in 
mathematics also receive licensure 
to teach secondar>* school mathe- 
matics: approximately one in ten 
will eventually teach mathematics 
in institutions of higher education, 
whether that be at a two>year 
college (where one in three first-year 
mathematics students are enrolled) 
or in a college or university. 

it is widely recognized thai the 
typical U.S. high school graduate is 
ill-equipped to function in a world 
thai de})etitls increasingly on mathe- 
matics. It is less widely rccognized. 
but nonetheless true, that f.hc 
typical undergraduate nialliemalic> 
major program is ilbsuited U) 
preparing high school loachors who 
will lencli a curriculum lhal mecl^ 
the u(*w N(ITM Standdrds for 
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school mathematics. The mi.sfil is 
only partly one of curriculum, and 
this inconsistency is relatively eas\ 
to (correct (require more statistics, 
geometr)'. and applications, and 
somewhat less advanced analysis). 
More difficult to fix is the lack of 
synchronization in philosophy and 
style of teaching. Contemporary 
standards for the mathematical 
education of teachers of mathe- 
matics call for an approach to 
pedagog)' at the college level that 
reflects the varieties of styles of 
instruction that will be expected of 
teachers in school. These styles 
incorporate features we have 
already identified as especialh 
effective for science courses: active. 
student-cen»ered. exploratory 
courses emphasizing group work, 
oral and written activities, and 
realistic data. The introduction of 
computer labs into many college 
mathematics courses will be of 
great benefit to those who would 
teach in school, since the lah 
environment mirrors many aspects 
of instruction that future teachers 
will be expected to employ. 

The confluence of pedagogical 
needs of secondary school teacher 
preparation with intrinsic require- 
ments of undergraduate learning 
is a fortunate but uoi entirely 
accidental occurren<^*e: hoth stem 
from the same fundamental 
recognition of how students learn 
mathematics. Much the same 
applies as well to elementary scho(il 
children, yel virtually all (dementapL 
school lea(diers take the prcfxjnder- 
ancc of their imderjrradualc %vork 
in departments or schools nf 
education. Tvpically. prospecli\j' 
elementary school teachers take 
ofdv one or two nidllienuitic^ 
(■oursc>. including u \ery tiadilion- 
laden matbemalies melbods course. 



Many educalional reformers have 
called rectMilly lor new models of 
(elenienlan ) leaelier preparation 
thai would replace the education 
maj()r with a re^iidar major in the 
traditional arts or sciences. Kven 
the National Academy of Sciences 
has reconinuMuletl the development 
ol a cadre of nialhematics-scien('e 
s[)ecialisl:^ to work in elemenlaiT 
schools, perhaps paired with 
lan<iuaf£e arts specialists at each 
irrade level. 

This suggests another challenge for 
colleties that are willing to invest 
time and energy in curricular 
relorm: to develop an honest major 
combining mathematics and 
science that would be suitable to 
replace the education major for 
prospective elementary school 
teachers. Such a major might begin 
with the same new first-year course 
in college mathematics that could 
>erve well a large numl)er of liberal 
arts studtMils. The major itself 
W(Uil(l examine in de[)th many 
[phenomena and patterns of scienc^e 
arid mathematics that are within the 
scope of school c lildren. seeking 
cotUH'ctions and basic principles 
that explain elementary concepts 
Irotii an advanced viewpoint. In 
contrast, traditional majors push on 
10 the study of atlvanced (*oncepls. 
iTiaiiy of which an* largely l)eyon(l 
the experience' or imagination of 
(denuMitary school childr^Mi. A 
legitimate new major in elementary 
-ebool mathematics and science 
wouhi ba\e to locus on deep ideas 
thai ha\e the power to devel()[) 
childhood intuitions and curiosity 
along: patlu\a\s that can blossom 
later in more formal science and 
rnalhemulics courses. 
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Encouraging 
Research 

Science education in liberal arts 
colleties thrives best in an atmos- 
phere that is saturated with 
opportunities for undergraduate 
research. Students in such programs 
engag:e science through apprentice- 
ship education: faculty maintain 
active [)n)fessi()nal lives that sup[)ort 
both research and teaching: and the 
department develops a vigorous 
mission shared by faculty and 
students that ser\es gttals of both 
science and education. Other 
sections of this report recount the 
numerous benefits of undergraduate 
research to Lm<lergraduaie science 
education- benefits which have been 
(hxnmienled in rumierous studies. 

hi mathematics, however, the 
relation of research to education at 
the undergraduate level is far more 
[irohlematic. Neither mathematics 
faculty nor mathematics students 
produce as many research papers as 
do their colleagues in the natural 
sciences: relatively few departments 
of mathematics set undergraduate 
researtdi as a goal for majors: and 
the partici[)ation by mathematics 
departments in NSF-funded 
opportunities for undergraduate 
reseurcdi lias always been small in 
comparison with the participation 
rates of the natural sciences. 

There are many reasons for this 
anomaly. Foremost is the theoret- 
ical nature of mathematics, which 
lias meant that most frontiers of 
mathematics cannot be reatdied 
by undergradualos. The \ast gulf 
between the research frontier and 
the iindergradutile (narriculum also 
riieans thai most nialhemalicians 
who are active in research will be 




The range of opportunities for 
independent investigation is so 
bread and the evidence of 
benefit so penuasive as to 
make unmistakably clear that 
research^like experiences should 
be part of every mathematics 
student's program. 
Undergnduate research and 
senior projects sliouid be 
encouraged wherever there is 
sufficient facuKy to provide 
appropriate supervision. 
Effective programs must be 
tailored to the needs and 
interests of individual students; 
no single mode of independent 
investigation can lay claim to 
absolute priority over othen. 
Flexibility of implemenlation 
is crucial to ensure that all 
experience the exhilaration 
of discovery which accompanies 
involvemeni with mathe- 
matical research* 

"Chdllen^es for Collc^ro 
Mathcnuitics/' 1990, 
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Technology also seems to work, 
although not necessarily for the 
reasons one might expect. It 
certainly can change the 
content of a calculus course, 
but its influence on pedagogy 
is perhaps more important. 
Classroom demonstrations are 
not the point. The real impact of 
technology is the opportunity it 
provides for students to explore, 
to work in groups, to write 
laboratory reports and projects. 

~ Priming the Calculus 
PumprJ990. 



unable, despite good inlenlions, to 
find any significant part of their 
research thai could be carried on 
with an undergraduate partner. 

Other reasons are more mundane, 
but nonetheless real. Mathematics 
as a discipline has received much 
less federal funding than have the 
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There is now widespread 
recognition of the benefits oi 
student-led educational 
experiences such as major 
modeling projects or 
undergraduate research 
opportunities. 



natural sciences, so many fewer 
faculty receive research support. A 
much larger fraction of the teaching 
in departments of mathematics is 
devoted to service courses, so a 
larger fraction of the faculty do not 
view research as a primary- feature 
of their professional lives. And 
many mathematicians believe that 
learning fundamentals is a prerequi- 
site for independent investigation, 
so they give priority in the 
undergraduate years (and indeed, 
in the fii st two years of graduate 
school) to offering basic courses. 

Nonetheless, a growing minoril\ 
of mathematics faculty have 
established effective undergraduate 
research programs in the malhe- 
nialical sciences. These programs 
pro(Juco results — some of which gel 
published — and thc^ attract bright 
students to careers in mathematics. 
The rapid increase in affonlabh* 
c()m|)Uler [Kiwcr is one factor that 
has made such work possible: in 
those parts of mathematics thai 



closely mimic the lahoralon. 
sciences, the proven methods of 
apprenticeship education work jusl 
as well. Other factors that have led 
to an increase in popularity of 
undergraduate research programs 
include the widening recognition of 
the benefits of styles of instruction 
that involve students in shaping 
their own learning (including such 
opportunities as internships, 
industrial projects, independent 
study, and teaching — as well a^ 
research): the sustained concern 
that U.S. research mathematics is 
failing to renew itself: and the 
example set by other disciplir 
that use undergraduate research as 
an effective means of education. 

There is now w*ides[)read recognition 
of the benefits of student-led 
educational experiences such as 
major modeling projects or under- 
graduate research opportunities. 
The benefit of close student-faculty 
contact that comes from such work 
is similar to the benefit conferred 
by small classes — but more 
intense: when both student and 
instructor are focused on the same 
problem, with neither knowing just 
how to solve it. there develops a 
.shared experience in the excitement 
of discover)' that can stimulate a 
student's long-term interest in a 
scientific or mathematical career. 



Employing 
Computers 



It is hard to over-estimate the 
impact thai computers have had on 
llic practice of niathemalics. Kir^l 
numerical methods, then computer 
graphi(\s, and now symf)olic system- 
have gradually itise'rlcd compulcr> 
into the fonnerK equipment-free 
world of mathMnalii>. Orduiar) 



Pomona College 

All loo often, students come out 
of science courses knowing loads 
of factual minutiae and able — 
more or less — to work tlu'ir way 
through simple problems, but 
without the slightest idea what 
the big picture is. Or even that 
there is a big picture. 

Physics professor Thomas Moore 
at Pomona College is out to see 
that that doesn't happen in first- 
year college physics. Moore 
is developing a two-semester 
course he calls "Six Ideas That 
Shaped Physics." 

Moore's course is one of several 
model courses endorsed for 
development by the Introductory^ 
University Physics Project 
(lUPP), a coordinated effort of 
the American Association of 
Physics Teachers, the American 
Institute of Physics, and the 
American Physical Society. 
Like the "Lean and Lively" 
calculus reform movement in 
mathematics, lUPP seeks to trim 
down the content of introductory 
physics in order to achieve a 
pace that more students can keey) 
up with — removing tangential 
topics and what Moore calls 
"'conceptual noise." A second 
lUPP goal is to incorporate 
concepts from contemporan 
physics into the first-year 
curriculum (but without aban> 
doning the first goal in the 



process). A third goal is to 
organize the content around 
'•stor>' lines" that will motivate 
students and highlight the 
main concepts. 

Moore s '"story lines" are 
provided by the "six ideas." In 
order of presentation, they are: 
1) The universe is a mechanism 
of falling bodies — an intro- 
duction to the kinematics of 
a particle responding to an 
external force; 2) Conservation 
laws constrain the mechanism — 
a further study of interactions 
between particles; 3) Some 
quantities are relative, but 
laws are absolute — a modern 
presentation of special relativity; 
4) Some energy flows are 
irreversible — a unit on thermal 
physics, emphasizing the 
statistical interpretation of 
entropy; 3) Electricity and 
magnetism are fundamentally 
linked — an introduction to 
electromagnetism and how 
special relativity ties together 
the effects of electricity and 
magnetism; 6) Macroscopic 
models don't fit microscopic- 
physics — a basic unit on 
quantum mechanics. 

Moore's approach, though, goes 
bevond a rearrangement and 
paring down of topics. "Its a 
full package, not just a revised 
syllabuh," he says. Tlie full 
package includes a pedagogical 
approach that emphasizes 
qualitative as well as quanti- 
tative reas(ming and encourages 
active, collaborative learning in 
cliiss. Computers enter in also, 
and the lalM)rator} program \> 
divided into informal "minilabi^" 



that focus on individual concepts 
(and sometimes preconceptions), 
and longer, more formal "project 
labs." Finally, the Pomona 
physics department offers a 
weekly series of evening lectures 
on topics ranging from cosmolog)' 
to superconductivity; these 
lectures are aimed at under- 
graduates, and Moore s course 
uses them to expose interested 
students to topics beyond what 
fits in the course itself. 

As part of lUPP, Moore s 
course will be pilot tested by 
a development team at several 
different schools. The final goal, 
says Moore, is to create a physics 
course that is "exciting enough 
to attract majors and relevant 
enough so that non-majors carr>' 
away something useful." That 
hasn't happened enough in 
the past. 



afroruahle computers are now 
powerful enough to he of immense 
aid in mathematical research 
and applications. 

It is equally hard to overstate the 
sluggish response of college mathe- 
matics departments to this signifi- 
cant change in the nature of mathe- 
matical practice. But when change 
occurred, it often took place first in 
small colleges, where the climate is 
receptive to such experiments. 

Computing can and will affect 
virtually ever)' course in the mathe- 
matics curriculum, but it is not 
without considerable risk. Its use in 
mathematics research and college 
instruction is now so common 
that the \otices of the American 
Mathematical Society devotes a 
regular column to innovative uses 
of computers at the college and 
graduate levels. 

Computing changes what is taught as 
much as how we teach. Some topics 
diminish in importance, others l)ec()me 
more significant. Visualization and 
patterns become more powerful 
as a carrier of intuition, while 
calculation becomes more routine. 
Computers stimulate faculty to 
rethink courses and majors, 
thereby benefiting undergraduate 
mathematics even if the computer 
itself is rarely used in the course. It 
is in this capacity — as a stimulus to 
curricular change — that computers 
play their most significant roh^ in 
undergraduate mathematics. 

Computing also influences bow \se 
shape the spaces in which mathe- 
matics and the sciences arc taught. 
I ntil recently tlie centuries-old 
model of chalkboard lecturts 
recorded by student scrilw^s dictated 
ibat the typical environment for 
mathemalif's instruction would be 



i\ rectangular room equipped with 
rows of student desks. But today 
the need for computer laboratories 
networked to other computers in 
offices and dormitories provide 
unprecedented pressure for flexible 
space in departments of mathematics. 

It should come as no surprise that 
much of the leadership for infusing 
computers into college mathe- 
matics should reside in the same 
institutions that have historically 
been at the forefront of curricular 
refonn. What may be surprising, 
however, is the evolution of concern 
of many of these early pioneers: in 
virtually all cases, what began with 
computers led first to curriculum 
change, but then quickly to issues 
of teaching and learning. Teaching 
with computers has revealed as 
nothing else had the numerous 
false pedagogical premises of most 
mathematics instruction. 

When instructors work with students 
who are using computers either to 
learn or to do mathematics, they 
observe through a new window the 
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Computing changes 
what is taught as much as 
hovv we teach. 



obscure and idiosyncratic process 
of constructing mathematical mental 
images. Reflection upon these 
observations leads in turn to renewed 
concern about the context for 
l(*aniing. W hat instructors often re- 
discover are learning models thai 
have proven so effective* in other 
liberal arts and sciencer^: the 
value of investigation, experiencf, 
coniniiinily, and coiineclioiN — all 
of which emerge and thrive in an 
active computer lah. 



HUMAN RESOURCES 



Science and nialhenialics are 
created, transmiUetl. and applied 
hy people. They are liindarnenlallv 
human activities. II we are to 
continue liavin^ <joo(l science 
and mathenialics, then human 
resourc(*s — the education and 
continued ent^ajiement ol >cientisls. 
mathematicians, and scientifically 
literate citizens — is alnu)st the only 
important (jucslion. IrulecMl 
entire report. focHised on underjiratl- 
uate science and mathematics 
education, returns over and over 
to the (question of how we an* to 
rtvlize Franklin Roosevelt's dream 
of "... the continuino; 1 Uire oi 
scientific research ... and a hdl("r 
and more Iruilful life ... " 

We — and the entire nation — know 
several distressing^ tliintjs about the 
national human resource situation 
in science and mathematics: 

♦ A tiational crisis is loorninj: 
concernirifi an excess ofdeniatid 
o\ersu[)ply ol scientists, mathe- 
maticians, engineers, and science 
and nmthematics teachers. 

♦ Women and nunoritit^s are 
--(•\crely imder-represented in 
--cience and mathematics careers. 

♦ rh(^ le\el of literacy in science 
and mathematics i> iniaccef)tal)U 
low in the <:encral [)of)ulalion. 

♦ ( )ur students have shockiniily 1()\\ 
•-cores on standard science* and 
mathematics (*\ams compared to 
--tudents Irorn other countries. 

We also know that there is no ((nick 
i"i\. h lakes a «zreat deal of lead-time 
lo educate f)ersons tor scicntilic 
literac). and lor careers in science 
ujid mathenialics. It lakes (ne?) 
longer [n readju'^l erUrenc icd 
f)olicies. f)roce<hires. and [iro^ranis 
lo new approaches that woik. 



Studies have shown re[)ealedly that 
a significant number of firedomi- 
nantly undergraduate colleges, 
including some Historically Black 
(Colleges and L ni\ersilies and some 
women's coll(»iies. have had 
extraordinary success in [jroducing 
graduates able to move easily into 
scienliiic and technolof^ical careers, 
riieir success applies as well to 
minority students and women — two 
liroups that have historically been 
denied e(|ual access to science and 
mathematics careers, but whose 
future success in science and 
mathenuitit's is critical to meeting 
the nation's needs. The success 
of [iredoniinanlly inidergraduale 
colleges in attracting, retaining, and 
graduatitifj [persons who go on lo 
science and mathematics careers 
anrl who become scientifically 
literate citizcMis can he traced 
directly It) tiie matiner in whicii 
science and mathematics education 
lakes [)lace in these colh^fjes. 

Science and mathematics education 
succeeds wheruner it takes place 
within an active community of 
learners, where slud(^nts work in 
^rou[)s of mana«:cal)lc size to enhance 
collaborative h^arnini; and where 
facult\' are d(*eply committed to 
teachinii:, devoted to student success, 
and conlident that students can 
learn. I^ffective science learnirij: is 
ne\('r f)assi\(\ It is active, hands- 
on. e\[)er ietitial. arul researcii- 
based — from llu* \er\' first introduc- 
tory cours<*s to the c()ni[)lelion of 
stud(Mits* science and mathematics 
education. l'Jiecti\(- (Mlucation 
(Mi^a«ies students in activity that is 
meaniiifrlul in a higldy [UMsonal wa): 
it is connected lo liisl(Mical context, 
lo other f i(d(ls of inquin. and to 
|)ractical afjplicalions of interest to 
sludenls — ifi (jlber words, to the 
realilv students e\[)(M'ience. 
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To be effective for all students, 
the science and mathematics 
curriculum must support multiple 
enlr\* points and multiple pathways 
through the curriculum. Faculty in 
[)rograms that work meet students 
where they are and support them as 
they work to learn. In such settings, 
science and mathematics education 
focuses on "cultivating'' rather than 
on "weeding." 

This kind of education both 
motivates and empowers students 
lo learn science and mathematics. 
Predominantly undergraduate 
colleges achieve positive outcomes 
because the education they seek 
to provide to their students comes 
close lo matching this ideal 
community-based model of learning 
science and mathematics. Although 
short-term incentives to induce 
students to make different choices 
al [)oinls along the career pipeline 
can temporarily affect the supply of 
scientists and engineers, any long- 
term res[)onsc must entail systennc 
changes U) bring the kind of 
learning environment that works 
to all levels of education — from 
kindergarten through the inider- 
graduale experience. 

Increasing 
Participation 

Vh^mbership in a community of 
IcanuTs is a sali(Mil characteristic 
of the hves of science students in 
most "-uccessfid liberal arts 
colleges. Because* community 
im[)ro\es the [)ersislence of 
individuals and the continuity of 
itislruc*tional firograms. it should he 
sought as a deliberate* goal of [lolicv 
aful design in all haccalaureaK^ 
learning environments. 



We need new thinking about 
''who will do science" and 
"why/' thinking that may 
challenge college science 
teachers to grapple with issues 
they have not focused on before 
... how to recruit, teach, reward, 
and cultivate different kinds of 
students to science, students 
who are not younger versions ol 
themselves ... But scientists are 
not likely to do such rethinking 
so long as they continue to 
expect the next generations of 
science workers to rise, as they 
did, like cream to the top. This 
is why introductory college 
counes remain unapologetically 
competitive ... designed to 
winnow out all but the "top 
tier" and why ... there is little 
attempt to create a sense of 
"community'' among average 
students of science. 

-Sheila Tobias. IWU. 
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The role of community in the 
learning environment for science 
f)aralleU a crucial aspect of science 
itself. Knowing ultimately depends 
on a community in which the 
methods and standards of a 
discipline are embedded, and 
reality for that field is agreed upon. 



To he effective for all 
students, the science and 
mathematics curriculum 
must support multiple 
entry points and multiple 
pathways through the 
curriculum. 



The ideals on which the scientific 
community rests are honest\. 
impartiality, and openness. No 
individual can perfectly manifest 
these virtues; the test of a scientist 
lies in his or her aspiration to them. 
A scientist is assumed to repoit the 
truth conscientiously: scientists do 
not knowingly deceive and remain 
scientists. The truth is accessible 
to any person: one s capacity to 
know ;ind to f)articipate in the 
knowing community is not 
restricted by race, gender, physical 
handicap, or social standing. 
Finallv, the scientific community 
can thrive ordy when results and 
findings are openly communicated 
and evaluated: secrecy and political 
favoritism are anathema to science. 

The science learning comnuinil\ 
therefore parallels the science 
community in the same way that 
science learning j)arallcls science. 
Our country is currently redis- 
cov(Tin<^ thai science cannot exi^l 
(or long without science learning. 
The lesson of this rediscover) is 
that we are reallv talking alxMit ofw 



integrated communit\. u'l women, 
several racial minoritie>. and 
physically disabled persons 
represent smaller proportions of 
scientists and mathematicians than 
thev do of the population as a 
whole, (government agencies and 
private organizations, acting on a 
great variety of theories about the 
problems and their solutions, have 
mounted vigorous efforts to increase 
their representation in science. 

We acknowledge many unsettled 
questions of social, educational, 
and science policy in regard to 
these matters. We are pariicularK 
concerned here with learning at the 
undergraduate level. We believe 
that emphasis on community as a 
means of learning science furnishes 
a singularly auspicious focus for 
increasing the particif)ation in 
science of women, minorities, and 
the handicapped. The model 
transcends institutional difference>. 



Emphasis on community as 
a means of learning science 
furnishes a singularU 
auspicious focus for 
increasing the participation 
in science of women, 
minorities, and the 
handicapped. 

and it furnishe> plenty of room (or 
serious effort for each and e\cr\ 
person in science. 

As evidence tliat the learning 
connnunitv is an a(ii\c (orcc lor 
broader parlicipation, we note 
ibat \\\r schools with tbe liighc-l 
percentages of women and minorit\ 
sciiMice and nuillieinalics niiijor> 
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St. John Fisher 
College 

The problem faced hy the 
chemislr>' depailment at Si. John 
Fisher College is a common one: 
they seemed to he teaching 
two different classes in their 
freshman chemislr)- course. On 
the one hand, they had half a 
class — maybe two dozen 
students — whose eyes glazed 
over whenever the instructor 
went beyond the lesson to 
talk about some interesting 
chemistry; on the other hand, 
they had half a class who grew 
bored when the instructor went 
over the details of an elementar} 
calculation. So they did the 
obvious thing: They made two 
classes out of one. 

But they didn't do it in the 
obvious way. 

The obvious way would have had 
a lower, '^remedial" track left in 
the dust by an accelerated up[)er 
track. The obvious way would 
have looked to the upf>cr track to 
produce majors and not expected 
much from the lower track. 

Instead, the St. John Fisher 
chemists designed two separate* 
courses — one keeping the name 
(general Chemistry and one 
called Principles of Chcmistn. — 
that "converge" l)y the end of the 
year, so that students from both 



tracks are ready for the rigors of 
Organic. At St. John Fisher, a 
chem major can come from 
either side of the tracks. 

ThatV not to say that students 
in the two courses come out 
knowing the exact same amount 
of chemistry. General Chemistry 
covers more ground, exploring 
certain ^opics in greater depth. 
For example, while both courses 
include the ideal gas laws. 
General Chemistry may also 
examine non-ideal gases. (At the 
same time, the Principles course 
may cover some material not 
found in General Chem.) 
However, students seem to do 
equally well on overlap portions 
of the final exams, according to 
department chairman Clarence 
Heininger. There's "no 
discernible difference" in th^ir 
performance, Heininger says. 

The two-tiered approach at St. 
John Fisher only started in 1988. 
so it s still too early to know 
for sure how well it does al 
producing majors from both 
tracks. Howev(T, Heininger note> 
that approximately a third of th(* 
students from his 1988-89 
Principles class have declared 
scrience majors. This is far better 
than before, when nearly half the 
students who started General 
Chemistry never conif)lcted the 
full Iwo-seniester secjuence. 

How do students know wliicli 
course to take? The main 
factor is their mathematical 
pref)aration. Students whri scon^d 
well on the SAT (or New ^ork 
e |uivalcnt) andAn* arc nnuly to 
take (calculus are advised to sign 



up for General Chemistr). while 
students enrolling in college 
algebra are steered toward 
Principles of Chemistr\-. 

'"What it really requires is that 
you really try to find out what 
your students are capable 
of doing at the beginning." 
Heininger says. It also requires 
a department dedicated to 
support students' efforts. Say> 
Heininger: ''A lot of these [leople 
would tiot have persevered if 
we had not encouraged them to 
keep going." 



Between 1960 and 1980, 
the fraction of 22'yedr-olds 
receiving baccalaureate degrees 
in the natural sciences and 
engineering hovered between 4 
and 5 percent. Recent data 
indicate that the conferral rate 
this year (1989; will be 4.5 
percent, af best. That rate 
would have to increase to over 
6 percent by the turn of the 
century to maintain the 
current supply of scientists 
and engineer. 

~ AAAS President Richard 
Atkiruon, 1990, 



include many predominantly liberal 
arts colleges — women s colleges, 
historically Black institutions, and 
selective coeducational colleges. 
What these schools have in common 
is a strong tradition of community. 
This is the crucial enabling factor 
in the success of historically Black 
colleges and of other colleges that 
succeed with minority students. 
Community is also what propels 
many graduates of women's colleges 
to successful careers. Ernest Boyer 
has noted the damaging effects 
of the decay of community in 
higher education generally; his 
studies show by many measures 
that libera] arts colleges have 
retained community more than 
other kinds of collegiate institutions. 

The single most enabling lesson for 
the science or mathematics learner 
is the central cognitive feature that 
knowledge is accessible, that it 
coheres, makes sense, and is a 
pleasure to apprehend. This lesson 
is much more likely to be learned 
by a student if he or she has reguk/ 
personal contact with an experi- 
enced and dedicated teacher than if 
this contact is absent. The teacher 
can best communicate that the 
student s gender, race, or handicap 
are irrelevant to success in learning 
by teaching based on context, 
connections, and investigation. 
Such lessons will allow the student 
to see that the intellectual standard 
in sc^^'nce is inclusive and 
impeisonal. For one and all, it 
concerns how well learning 
equips one to understand natun^. 
Kecognilion of this standard puts 
the student, the teacher, and the 
other members oftlie class in the 
same Iwal. Cooperation helps every- 
one in such a classrocjm or lalx)rdtor\'. 
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Since the objective is to increase 
even^one s understanding and inves- 
tigative power rather than to sort the 
students by their current level of 
scholastic achievement, students are 
encouraged to work together, to help 
each other, to form a community. 

Learning communities are awesome 
teachers, especially of those who 
need larger than usual amounts of 
socialization in order to become 
scientists. Students need strong 
interactions with cooperative, 
mutually engaged classmates, as 
well as instructors, to acquire a 
sense of identity, to gain perspective 
on the field, to learn strategies for 
solving problems when they 
are stuck, and even to provide 
tomorrow's assignment when the 
syllabus gets mislaid. 

Faculty must use every ounce of 
their energy to foster community, 
because otherwise students, whatever 
their personal characteristics, may 
not have the resources or fortitude 
to meet the standards of science. 



Learning communities are 
awesome teachers, especially 
of those who need larger 
than usual amounts of 
socialization in order to 
become scientists. 



That means that faculty must treat 
students evenhandedly, expect that 
they will work hard, show interest 
in their personal pmgress, stmggl(» 
constantly to expnsn the lof:;ie and 
meaning of science through its 
ronne( lions and contexts, and prod 
studenis to ask why, to seek cause?^, 
and to ask questions. Faculty can 



(oster comniuiiity by grading on an 
absolute basis rather than "'on the 
cune/* The former unites the 
faculty and students in a common 
(|uest whereas the latter puts the 
teacher in the role of the sorter and 
the student in the role of competitor. 

The ideal of the learning community 
is diminished when the phrase 
"role model" is used to imply that 
(mly minorities can inspire 
minorities, or that only women can 
inspire women. While we acknowl- 
t'dgc the importance of role models 
to many students. White males, who 
are currently the large majority of 
scientists and science teachers, 
should be encouraged to think of 
themselves as credible mentors for 
all students. Such a commitment 
should not excuse backsliding in 
the effort to appoint more persons 
from under-represented groups to 
college and university faculties. !l 
is. rather, a call for unity and action 
in the struggle for social justice. 



Encouraging 
Women in Science 

There is now an enormous literature 
on the causes of the under- 
representation of women in science 
and mathematics careers, 'let the 
last two decades have produced 
-significant growth in the numbers 
and f)roportion of wom^m recei\ing 
bachelors degrees in sci(»nce or 
matlieinalics. Sadly, in most atea>. 
tlu* increas(Ml percentage of women 
is due more \n declines in llic 
tiumb(*r of men majoring in science 
and niathematics than to increa.'^cd 
participation l)\ \somen. but the 
trend is nonetheless important. 



Private Liberal Arts 1 colleges — 
both coeducational and women's 
colleges — have been especially 
productive of women science and 
mathematics graduates and of 
women graduates who subsequently 
earn a doctorate in science or 



ll is now clear thai women 
can succeed in great 
numbers in science and 
mathematics. 



mathematics. Indeed, these colleges 
produce a higher percentage of 
women science graduates than any 
other non-specialized category ol 
institution. Nonetheless, women are 
still under-represented among their 
science graduates. 

It is now clear that women can 
succeed in great numbers in science 
and mathematics. The success ot 
women in science and mathematics 
i^ greatest in settings — both single- 
sex and coe<lucational — characterized 
bv the kinds of learning <'ommunities 
described in this report. These 
settings warm the chilly climate for 
women so often noted at all levels of 
education in this countr\-. 



Where Minorities 
Succeed 

\ll analysers of the rales of partici- 
pation of Blacks and Hispanics 
confirm a picture of severe under- 
representation in science and matlic- 
inatics at all levels of our system of 
education. Nevertheh^ss, tluTc arc 
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Getting and keeping good 
mincritY students on track is not 
as difficult as it might seem, 
because it has been done 
before. But we keep throwing 
dway things that work. Good 
programs that were funded by 
various federal agencies in the 
1960s and 1970s were 
abandoned before they had time 
to flourish. It takes a sustained 
commitment to change things. 
You can't correct a hundred 
years of discrimination in ten. 

~ Clark Atlanta University 
President Thomas W. Cole. 
Jr.. 1988. 



Where are these minority graduates 
in seience and mathematics receiv- 
ing their undergraduate educations? 
Black science and mathematics 
graduates are trained extensively in 
the Historically Black Colleges and 
Universities (HBCUs). For example, 
in the mathematical and physical 
sciences. 459^ of the 1986-87 l)ache- 
lor s degrees that were awarded to 
Blacks were earned by graduates of 
the HBCUs, even though only one- 
third of Black undergraduates are 
enrolled in the HBCUs. A number 
of HBCUs are among the most 
productive of all institutions in the 
percentage of their graduates with 
degrees in science or mathematics. 
Indeed, three of the top five in 
chemistrv' are HBCUs (Xavier 
University of lx)uisiana. Talladega 
College, and Tougaloo College), 
and three of the top ten in physics 
are HBCUs (Lincoln University, 
Talladega College, and Fisk 
University). This record provides a 
startling and powerful refutation of 
the myth that Black students cannot 
succeed in the physical sciences. 

This high concentration of Black 
science and mathematics graduates 
in the HBCUs stands in sharp 
contrast to the almost complete 
absence of Black graduates in 
science and mathematics at the vast 
majority of the nation's colleges and 
universities — this despite the fad 
that nearly all colleges and univer- 
sities have Black students. Fewer 
than 10() colleges and universities 
had more than two Black mathe- 
matics baccalaureate graduates in 
1986-87: fewer than 9() had mor^^ 



than two Black physical science 
graduates. Even in the life sciences, 
onlv 200 institutions had more than 
two Black graduates. 

Similarly, Hispanic graduates are 
prepared in greatly disproportionate 
numbers in Puerto Rican colleges 
and universities, in physical science 
309^ of Hispanic graduates were 
prepared in Puerto Rican institu- 
tions; in life science the percentage 
was 43%, and in mathematics 18%. 
In contrast, only 33 institutions had 
more than two Hispanic mathe- 
matics baccalaureates, only 49 bad 
more than two Hispanic physical 
science graduates, and only 133 
institutions had more than two 
Hispanic life sciences graduates. 

These data documenting the non- 
participation of the vast majority of 
America s colleges and universities 
in the preparation of Black and 
Hispanic science and mathematics 
majors is nothing short of a 
national disgrace. 

The outstanding succes> of Black 
students in HBCUs is due in large 
part to the presence on these 
campuses of the type of natural 
science communities advocated in 
this report. The factors necessary 
• 

The non-participation of the 
vast majority of America s 
colleges and universities in 
the preparation of Black 
and Hispanic science and 
mathematics majors is 
nothing short of a 
national disgrace. 



lor rolletjialc siK*( ess — a sup- 
porlivt* conimunily and "social 
contu^'lediiess" — are the same for 
all siudeiils. A great number of 
predominanlly While colleges also 



The factors necessary for 
collegiate success — a 
supportive community and 
*\social connectedness'' — 
are the same for all students. 



provide lliese kinds of communili(*s, 
l)Ul Black students who attend such 
(•ol leges seem to gain access to 
these majority-dominated 
communities less reliably and less 
often. Studies show that Blacks are 
more likely to persist at HBCLs due 
to a greater degree of involvement 
in canif)us life and a greater growth 
in self-confidence in their acad(*mic 
ability. Academic integration based 
on relationships with faculty and 
satisfaction with the academic 
environment leads to higher grade- 
point averages. Blacks tend not to 
have this academic integration on 
predominai]tly White campuses^ so 
ihcy to be less successful. 
The lack of strong student-faculty 
relationships seems to be a ver\ 
important imf)e(iiment for Blacks on 
[)redonunantly \\ bite canipuse>': 

Someone who has f(^w role models \> 
not lik(^lv (o g(4 a confident vision 
of the p<)>>il)ilit> ol a career in 
<( ienc<» or mathematics from his or 
her background. Barely will such 
an individual obtain sufficient clues 
(>r inspiration from family associa- 
lions. Kor mosi such children, 
inc(»nti\(*s for science must be 
provided by the educational pr()ce\ss 
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Mathematics Bachelor's Degrees. 

'.V2l HLipanic Graduates: 159 Institutions. 



Mathematics Bachelor's Degrees. 

H'M Black Graduates; 289 Institutions. 




Physical Science Bachelor's Degrees. 

HLipanic Graduates: 212 Institutions, 



Physical Science Bachelor's Degrees. 
Hl'A Black Graduates: 309 Institutions. 




Biological Science Bachelor's Degrees. 
2146 Hispanic Graduates: 339 In.^titution.^. 



Biol ogii 'a I Scie nee B(wh el or "s Degrees. 
1890 Black Graduates: 486 Institntion.s. 
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The trend is unmistakable; our 
children are losing ground ... 
Of the more than 73.000 
baccalaureates awarded in 
engineering in 1986, just 6 
percent went to non*Asian 
minority students; of the more 
than 16r000 mathematics 
degrees, jMSf 7 percent went to 
minorities; In the physical 
sciences, we received just over 
7 percent. If we were receiving 
these degrees in proportion to 
our share of college enrollment, 
these figures would be 
twice as high. 

~ Education that 
Works: An Action Plan 
for the Education of 
Minorities Q EM,'' J 990. 



if ihey are lo be providf^d al all. 
Many students enter HBCLs 
inadequately prepared for science 
courses in terms of content and 
study skills. Yet these institution? 
have been able to prepare their 
students for the successful pursuit 
of graduate study in major Ph.D.- 
granting universities. This has been 
accomplished despite severe finan- 
cial constraints, reflected in inade- 
quate scientific instrumentation and 
other resources, and heavy faculty 
teaching responsibilities. 

The existence of effective learning 
communities in HBCL s is an 
important factor in the success of 
students in science, but it is not the 
only factor. In HBCUs professors 
expect that the students can and 
should achieve. They demand 
seriou*^- study and hard work, and 
they believe that deficiencies in 
background can be overcome. 
Faculty provide close contact and 
mentoring, and take pride in 
their students. Each student is 
recognized to be important as an 
individual. Promising students are 
encouraged to engage in research 
projects. As a result of high 
exptTtalions held by the facullv. 
students see success in science 
and mathematics as attainable, 
and therefore thev achieve. 



Prescription for 



Change 
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All colleges and universities can 
learn much from HBCL-s that van 
help minority students succeed in 
science and mathematics. Their 
experiences [)r()vi(lc solid evidence 
for ways lo work with all students^, 
no matter what their backgrounds. 
Because there are so many morc^ 

9j 



(lata and studies a\ailal)le on the 
situation in HBCLs. we have 
concentrated hea\ il\ on them here. 
Although we have far less infonnation 
on which to base an analysis, we 
believe the general picture lo he 
much the same for Hispanic and 
for American Indian students, even 
though the particulars of their 
experience are different, W hat 
HBCUs do to "cultivate" and 
"pump" can be done as well 
wherever Hispanics and American 
Indians attend college. 

The disgraceful situation of minorilv 
students who are attempting lo 
pursue science and nialhemalics 
degrees at majority institutions can 
be corrected. Although offices of 
Minority Affairs help students with 



Al! colleges and universities 
can learn much from HBCLs 
that can help minority 
students succeed in science 
and mathematics. 



certain problems, primarily with 
adjustment to the total college 
environment, such offices serve 
more to keep the students al the 
institutions than lo keep them in 
science. Science and malliematics 
departments themselves must 
implement constructive plans lo 
alleviate the multitude of problem^ 
that limit the academic performancr 
of minority students. 

The success of L ri Treisman V 
program at the L ni\(M*sily ol 
California at Berkeley has clcarU 
demonstrated the eff(K'li\{MiC!-^^ ol .1 
communilv of learners in an\ 



Juniata College 

Every morning Tom Spicher 
climbs into the cab of the Juniata 
College ChemVan and lakes off 
to visit one or more liigh schools 
in the six central Pennsylvania 
counties surrounding the college, 
Spicher, a certified chemistrv- 
teacher, will deliver and help 
demonstrate sophisticated 
equipment not otherwise 
available in the small, niostU 
rural schools. 

The ChemVan is part of an effort 
at Juniata College to support 
high school science teachers in 
their teaching of chemistr\'. The 
effort got under way in 1985, 
with the formation of the Central 
Pennsylvania Association of 
Chemistry Teachers (CPACT), a 
cooperative partnership between 
college and high school teachers. 
The Juniata program includes 
summer workshops and research 
opportunities, seminars during 
the school year, and frequent 
faculty visits to high school 
classrooms. The ChemVan hit 
the road in 1988. 

"The ^'-'hole project started with 
the objective of trying to provide 
a complete support system 
for high school teachers" in 
chemistPr', says project director 
and chemistr)' professor Donald 
Mitchell. "The things we do in 
Central Pennsylvania were 
chosen by the teachers, and 
they're done because these \v(tc 
things the teachers wanted/' 



The Juniata program treats high 
school teachers as colleagues, 
not clients. It encourages 
chemistr\' teachers to see 
themselves as chemists. That's 
critical for the underlying 
objective of the program: to get 
students fired up about science. 
"The excitement of science is 
most convincingly conveyed to 
students by those who perceive 
themselves to be scientists." 
explains Mitchell. 

The summer workshops are a key 
ingredient. Teachers attending 
the two-week workshops get 
hands-on experience with 
modern equipment. They develop 
experiments that they and others 
can take back to their high 
school classrooms. And thanks to 
the ChemVan, they'll have access 
to the equip.ment there as well. 

The ChemVan is a 16-foot truck, 
like what you might rent from 
I -Haul. But inside its been 
equipped with padded shelves to 
protect its cargo, which includes 
a variety of spectrophotometers, 
gas chromatographs, analytical 
balances, pH meters, and other 
provisions of mod'=*rn cheniistn. 
The truck visits each school at 
least six times a year. 

The program has grown 
dramatically. It now includes 
27 schools and more thati 50 
chemistr) teachers in the local. 
Central Pennsylvania area. 
Mitchell estimates that over 
2(K)() students each year arc 
affected by the program. The 
gn)wth is especially notafde in 
the summer workshops. *'Wc 
started with one two-week 



workshop the first year." Mitchell 
says. It had 10 people — in fact 
we had to scrape to get 10 who 
were brave enough to come. Now 
we have two two-week workshops 
and we have 20 in each 
workshop — and we have a 
waiting list." 

The program is also set to 
expand into the Pittsburg area, 
and Mitchell has an eye on 
Harrisburg a.- ;ell. "This kind 
of project can have an effect 
anywhere," he claims. Pittsburg 
was chosen in part because its 
an urban setting. As for 
Harrisburg, Pennsylvania's 
state capital, Mitchell has a 
further reason: '*We sort of want 
to do it under the nose of the 
department of education." 



In the matter ol physics, the 
first lessons stiould contain 
nothing but what is 
experimental and interesting 
to see. A pretty experiment 
is in itself more valuable than 
20 formylae. 

" Albert Einstein. 



ERLC 



76 



inslilulion. This program enable^ 
sludenls to study and learn logeilirr. 
eliminating much of the isolation 
they feel, at the same lime as it 
addresses the problem of poor study 
skills and inadequate high school 
preparation. In effect, it re-creates 
ill the midst of a large and imp^^rsonul 
university environment the typo of 
supportive community characteristic 
of HBCL's. Such programs cannot 
eliminate alienation, and may no( 
work in an institution with only a 
handful of minority students taking 
science and mathematics courses, 
but thev do provide a proven model 
that works. 

Another important aid is to sensitize 
an entire science faculty to be 
aware of the role ihey play in the 
success of minority students. 
Indeed, this should happen across 
campuses. Majority faculty auto- 
matically play this role in th(* 
success of majority students, but 
thev must learn to do so consistenth 
and effectively wiUi minority 
students. They must learn to look at 
minority students when they give 
lectures, to expect them to answer 
questions, and to let them know oi 
sucb expectations. Confidence and 
high expectations must be trans- 
mitted to all students. Facultv must 
work to discard beliefs that minority 
students cannot do science, 
because tbis attitude cannot be 
hidden from the students and will 
therefore be fulfdled. 

Majority faculty should be willing to 
ser\(* as mentors, and should not 
(^xpect the few miiiority faculty at 
an institution to take care of all 
minoritv students. Majority facult\ 
too can be effective role models. 11 
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White faculty at H BCL s i nn ser\c 
as role models for Afro- American 
students. White faculty at niajoriu 
institutions can do the same. 
Science departments must b'-: (Hne 
the same kind of natural science 
communities for minority students 
as they are for majority student>. 
Only in this wa> will we incr(*ase 
the number of minority students 
who gravitate toward and remain 
in science. 



Science Teachers: 
Partners in 
Community 

A student who har^ been lucky 
enough to have been a member of a 
science learning community or a 
partner in a research collaboration 
is learning more than science. 
Such a student is learning how to 
teach. It is possil)le, perhaps even 
likelv, that such a student will 
consider teaching as a profession. 

Never has our country been more 
in need of dedicated, well-trained, 
and imaginative science and 
mathematics tcaclier>. Students 
who understand both the pleasure 
and the importance of teaching are 
a national resource, ^el too often 
prejudices and lack of imagination 
keep many such students from 
beroming teachers, (^specially al 
the pre-college Unci. Kducation i- 
cNcdic: th()S(^ who stu(l\ l)(vonie 
teachers of oilier^ who stud\. >Nho in 
turn grow to lo\e knowledge, and- 
inay l)eeonK» tt^achcrs diemsehe-. 

ll is. however, a sad truth llial the 
faculties of eollcge^ and high 
schools rar(d\ eneouiiler one 
another. IVople who are equa!l> 
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(Icdicalcd. t»(|ually {)assi()rial(^ ahnut 
knowledtje and about sludenls. and 
sonuMimps equally Ixdcaguerrd. arr 
isolated despite their eonimoii enter- 
[trise. Between school and eollegc 
there is liitle sense of community. 

(iollege faculty should recoiinize 
that their students are bridges that 
link their world to the lii^h schools: 
hi<ih school teachers pass stud(»nts 
on to college, and many of tbo^e 
>amt» students prepare in college lor 
careers as teachers. The natural 
science community bridges the gap 
between lev els of schooling. No 
hmger should science education be 
artificially divided between sc'hool 
(K-12) and college ( 13-16); far 
better that it be viewed as a contin- 
uum that spans the total breadth 



(College faculty should 
iTio^nizc that their students 
are hridiies that hnk their 
world to the high schools. 



of student e\perienc(\ Indeed. 
< nrricular iMid cnrt)llment realities 
suggest tluit .schools, colleges, and 
the nation \V{)uld l)e belter served 
b\ thinking planning in terms 
ol K-i l-. Kvcr\ in>titution of higher 
«'ducati(Hi should feel obligated to 
ally itseli'in multiple partnerships 
with [)n'-< ()llcge educational 
in>titiitions and teachers. 

Hroad-based ^-ciencc conununilie> 
can be fostered through ( rcali\e 
partnerships betwc^Mi pre-cf)nege 
teachers and college faculty 
mend)fMS who together design a 
t iirrieiduin that introduces high 
school students to real (M>lleg(» 
rcienee I which mas well receive 
ollege cn»(lit) and introduces 



college students to ibe ^anie course. 
High school seniors and first-year 
college students are not very 
(lifferent after all. and the curricu- 
lum wliicli motivates one can excite 
ihe other as well. In the pro(*ess. 
college and high school taculty can 
h-»arn f rom each other ah{)ut 
[)edag(^gy and content. 

From School to 
College 

\ l)ig leakage of f)olential science 
students occurs between the senior 
year of high school and the first year 
of college. Moreover, nearly r>()% 
oi first-year college students with 
inler(*st in natural science and 
engineering do not survive to a 
baccalaureate degree in one of those 
areas. These data indicate [)oor 
articulation between the secondarv 
and post-secondar\- curricula. 

\flditionally. secondar\- school 
science and mathematics teachers 
are in short supply, and many 
teachers in the field — t^s[)ecially 
clemeritar)' teachers — nt^ed 
pn)fessi()nal enhancement. It is also 
distressing to learn that only 79f oi 

I .S. 17-year-olds have the com[)e- 
tenc(^ to achieve well in college 
science courses. Moreover. K)7r oi 
senior high sch(H)ls ofler no trigononi- 
ctr\-. TOOf offer no calculus. I()9f 
offer no chemist rv'. and 20% offer 
no [)liysics. Only 7% of high school 
graduates have taken trigonomctn. 
()9f calculus. '2W( chcrni^l^. and 

I I ^/f physics. 

II the learning mod(d we propose 
\stMe incorporated in primate and 
secondary school instruction in 
science and mathematics, ihe 
percentages of sludenis taking 
course^ in these areas and [UTsisting 
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Canisius College 

The 19a3 report *'A Nation At 
Risk" not only got Ed Kisailus 
thinking — it got him 
doing something. 

Kisailus, a biology professor at 
Canisius College in Buffalo, New 
York, started small: a discussion 
group with three colleagues 
from the biology department at 
Canisius and five high school 
science teachers. Over the 
last eight years that group has 
evolved into a full-fledged 
summer and Saturday program, 
with seminars, workshops and 
laboratories involving several 
hundred teachers from Western 
New York and other regions. 

Dubbed BIG/PIE, for Biology' 
Interaction Group/Partnership 
in Education, the Canisius 
undertaking aims at improving 
the in-service training of 
teachers, mainly by giving them 
hands-on experience in the 
laboratory. The program runs 
a series of two-week workshops 
each summer in subjects such 
as cell biology, comparative 
anatomy and physiology, and 
biochemistry methods. During 
the school year, several one-day 
workshops on "What's Wbrking 
in Science Education" explore 
a variety of topics of interest to 
teachers. Typical topics are 
writing across the science 
curriculum and on-site visits 
to local industries. Kisailus is 



especially pleased with a recent 
workshop on special education 
which drew 28 teachers — 24 of 
them new to BIG/PIE. 

The emphasis at BIG/PIE has 
been working with teachers, and 
not just telling them what they 
should be doing. "We design 
things around the needs of the 
teachers." Kisailus explains of 
both the program s variety and its 
success. Father Edmund Ryan, 
Executive Vice President for 
Academic Affairs at Canisius. 
agrees. The program *Vas 
not top-down, but bottom-up," 
he says. 'They listened to 
the teachers." 

But BIG/PIE is only a piece of 
the pie at Canisius. In 1985, 
the seminar program spun off a 
separate program named SEEK, 
for Science Education Eighth to 
Kindergarten. (Kisailus has a 
penchant for acronyms: when the 
Canisius chemistry department 
began a collaboration with pre- 
college teachers and industr>'. 
he bequeathed them the name 
LEAP, for Laborator)' Equipment 
Assistance Program,) From 1987 
to 1990, BIG/PIE and SEEK 
received NSF funding, which 
permitted them to pay stipends 
to participants in the workshops. 
These stipends were important, 
Kisailus notes: When the 
funding ran out. participation 
went down. 

Nor is SEEK the end of 
Canisius's involvement with pre- 
college education. "Teachers are 
beginning to bring their students 
to the college for science 
experiences that they are not 



able to provide in their own 
school districts,"" Kisailus says. 
Since December. 1990, Canisius 
has hosted advanced-placement 
biology students for full-day. 
hands-on workshops on molec- 
ular biology and biotechnology. 
More than 200 students from 7 
school districts have attended — 
one district alone sent 100 
potential scientists. 

Kisailus is also "just now 
tinkering with the idea" of 
science summer camps for grades 
5-8. He already has a half dozen 
undergraduates — the BEES 
(Bettering Elementary Education 
in Science) — who spend two 
hours each Friday morning at one 
of three magnet schools working 
with children in grades 2-4. 

What do his colleagues think 
of his work with pre-college 
teachers and students? "I 
used to have a lot of scoffers."' 
Kisailus says. "Some of those 
people are now running their own 
programs." As for those who 
have no interest in pre-collegiate 
education. Kisailus has this 
advice: "Go ahead and do your 
own thing — just don't gel in 
my way."' 



in lliem would increase. As one 
niechanistn for doing this, we 
observe that teachers tend to 
leach as they were taught. Several 
colleges have recently made strong 
commitments to increasing their 
activity in teacher preparation. 
Liberal arts colleges can be 
(Excellent sources of teachers who 
have learned science and mathe- 
matics in the manner in which it 
should be taught to others. 

All colleges should mount projects 
drat draw their own science faculty 
into contact with scliooi teachers. 
All colleges should take it as their 
responsibility to provide formal 
and informal means of teacher 
enhancement in their regions. The 
payoffs would be many. College 
faculty would learn more accurately 
the prior experience of their 
students, and could adjust their 

♦ -- 

\ll colleges should mount 
projects that draw their own 
science faculty into contact 
with school teachers, 

introductory curricula accordingly. 
(Contacts would also improve the 
placement of high school students 
in college settings that best suit 
their needs. High school teachers 
would benefit by acquiring a 
.stimulating professional association 
in the discipline that would provide 
guidance for hands-on work for 
students and other enrichment. 
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One important mode for interaction 
is to involve secondary school 
leacherb in scientific research 
groups during summers at nearby 
undergraduate institutions, based 
upon the model of the NSF Research 
Opportunity Award program for 

■ ♦ ■ • 

It is critical that teacher 
preparation and 
enhancement initiatives 
currently underway be 
supported and expanded, 

undergraduate faculty. Vt'e think 
that this mode has the potential 
for many synergistic effects. 
Enmeshing the teacher in the 
informal and personal laboratory 
setting rather than the classroom 
means far more personal contact; 
direct experience with real science, 
scientists, and apparatus; and a 
natural, continuing connection to 
on-going activities of the research 
group. It is likely to be a source of 
stimulation to the teacher, perhaps 
prompting some investigational 
activity in that teacher's classroom. 
Having a mature collaborator in the 
form of a secondary school teacher 
would also be a fit and welcome 
addition to the research effort. The 
mixing of undergraduates with 
high school teachers in summer 
programs may also serve to interest 
some capable students in 
leaching careers. 

Proper preparation of new scrliool 
teachers and appropriate support 
of existing teachers are essential 
elements for achieving the joint 
goals of ensuring a scientifically 
and mathematically literate citizenrv 
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and attracting the people we need 
into professional careers in science 
and mathematics. It is critical that 
teacher preparation and enhance- 
ment initiatives currently underway 
be supported and expanded. 

Fortunately, tliere is now a consensus 
on principles for effective teacher 
preparation and enhancement pro- 
grams in science and mathematics: 

♦ Teachers should have a strong 
command of the subject areas 
in which they will teach, and 

of relationships between 
their principal discipline and 
other disciplines. 

♦ Teachers should develop strong 
communication skills that enable 
them to explain to others the 
concepts of their discipline. 

♦ Teachers should understand 
science and mathematics not as 
facts to be learned but as ways of 
thinking and investigating which 
involve making conjectures and 
testing hypotheses. 

♦ Teachers should know how to 
learn, how others learn, and how 
to adapt teaching methods to fit 
individual differences. 

♦ Teachers should be familiar with 
recent research in mathematics 
and science curricula and pedagogy. 

Teacher preparation and enhance- 
ment undertaken with these 
principles will create a system of 
science and mathematics education 
that pumps rather than filters, that 
cultivates rather than weeds. 

The colleges who participated in 
this project are a natural source 
for sucth teacher preparation and 
enhancement: they are productive 
of science and mathematics majors: 
they are altentive to science and 
mathematics literacy throughout the 
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Beloit College 

"We're trying to solve the 
problem of getting good tools 
out to students/" says biologist 
John Jungck of Beloit College in 
Beloit, Wisconsin. 

Jungck heads Project BioQUEST — 
Quality Undergraduate 
Educational Simulations and 
Tools in Biology — a nationwide 
effort to produce an introductory 
biology course based on 
computer "modules'" that 
simulate biological systems 
and processes. More than 30 
BioQUEST developers at a score 
of colleges and universities from 
Massachusetts to California have 
participated in writing, testing, 
and evaluating the project's 17 
modules to date. The project 
has recently negotiated a 
commercial contract with 
Addison- Wesley publishers. 

The BioQUEST modules allo\\ 
students at many levels — from 
grade school to grad school — 
to explore topics in genetics, 
physiology, biochemistry, 
ecology, and evolution. There 
are also modules devoted to data 
collection and organization, 
statistical analysis, and report 
writing. The modules run on 
Macintosh computers, taking 
advantage of HyperCard stacks 
to unite the software. 

Modules 10. 11. and 12, for 
instance, comprise a unit on the 
biochemistr)' of enzymes. In the 



first module, students practice 
purifying an enzyme from a 
limited quantity of starting 
material. In the second module, 
they go on to sequence the amino 
acid chain, while the third is 
aimed at exploring kinetic 
properties of enzymes. There 
are similar biotechnolog)' modules 
for cloning and sequencing 
genes, and a ''genetic counseling" 
module which combines 
technical science with personal 
and societal implications of 
the new technology. 

While software has been the 
main product of the BioQUEST 
effort, it's not the main issue. 
Jungck savs. "The central goal 
of the Project BioQUEST is to 
demonstrate the generality of 
content-based problem solving as 
an approach to learning biology. 
We believe that empowering 
learners, establishing grouf) 
learning situations, engaging 
teachers as collaborators, and 
employing open-ended problems, 
are essential ingredients to a 
transformed education in 
science." according to 
BioQUEST ^otes. a newsletter 
for participants in the project. 
Adds Jungck: ''We're not 
replacing laboratories, we're 
supplementing laboratories." 

Jungck preaches the "3 Ps 
of science": problem posing, 
problem solving, and persuasion. 
Persuasion, he explains, is the 
bottom line of writing up results 
and convincing colleagues that 
those results are reasonable. 
Students need to learn from the 
beginning that it's not enough 
just to do an experiment, it s also 



important to write it up clearly. 
With that in mind. BioQUEST 
includes a "Persuading Peers" 
module that introduces students 
to the philosophy of science. 

BioQUEST is not for everyone. 
Jungck points out. It puts new 
demands on the instructor, who 
must stop being the "walking 
encyclopedia" of facts and take a 
more collaborative approach to 
working with students. (It puts 
demands on the students as well, 
who must give up the passive 
role of note taker and fact 
memorizer for the more pertinent 
role of problem solver.) For 
many, however, the approach 
is "natural and nice and what 
they've been waiting for." Jungck 
says. "We had initially hoped to 
reach about 5% of the biolog)' 
faculty." he adds. "I think we 
underestimated it." 



^itnieral curriculum: and they care 
(lee|)ly about teaching and learning. 
If we wish a new generation of pri- 
rnaiy and secondary science and 
mathematics teachers to embrace a 
hands-on. experiential, laboratory- 
rich, problem-solving pedagogy, that 
is what prospective teachers must 
experience in their collegiate years. 

The independent predominantly 
undergraduate colleges are alreadv 
major players in undergraduate 
♦ • 

Insufficienl commitment is 
generally a greater barrier 
to success than inadequate 
resources. 

science and mathematics education. 
Because theirs is a teaching rather 
than research mission, they an* 
constituted in ways thai enhance 
die approach to science and mathe- 
matics teaching and learning 
advocated in this report. What 
works in these colleges is transfer- 
al)le. I)()th to other types of under- 
graduate institutions, and to pre- 
collcge education. While this kind 
ol teacliing and learning is in some 
ways more expensive than other 
less effective modes of instruction, 
insufficient commitment is generally 
a greater barrier to success than 
inadecjuate resources. This sector 
of higher education has enormous 
capacity to expand its outputs in 
important ways — in the production 
ol n.ore science and mathematics 
majors, in the enhancement of 
scientific and (juantitative literacy, 
in expanded preparation of well- 
(Miucated science and mathematics 
teachers, and in professional 
?^"iancemenl of current teachers. 



Partnerships for 
Education 

Those seeking to transform primary 
and secondary science and mathe- 
matics education will find a wealth 
of effective examples among the 
science-active undergraduate 
colleges. Effective responses 
will require the creation of new 
partnerships between colleges and 
schools. Anticipating this need, a 
great many colleges — some with 
the support of government, private 
loundations, or corporations — 
have begun to extend their reach to 
become part of the larger national 
effort to revitalize school science 
and mathematics education. 

Creating and sustaining partner- 
ships not only extends the reach of 
individual institutions, but also 
gives participants a sense of being 
part of a larger vision, of being a 
piece of the solution to a national 
problem. Partnerships help sustain 
attention on issues which require 
long-term effort: they motivate 
faculty and teachers to effective 
♦ 

Support for partnerships 
should be a high priority for 
public and private funding 
sources for science and 
mathematics education^ 



action: and they create wider recog- 
nition and reinforcement of local 
successes. Support for partnerships 
should be a high priority for public 
and private funding sources for 
science and mathematics education. 
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FACULTY: BUILDING A COMMUNITY 



It is a hard fad, reluctantly 
confronted, that remodeling a 
curriculuni inescapably implies 
remodeling a faculty. When the 
culture itself changed slowly, 
and when liberal arts education 
itself was a modest enterprise, 
evolution could take place 
almost imperceptibly and 
almost painlessly. To put the 
matter with perhaps indecent 
brutality, professon then 
became extinct at about the 
same pace as the counes 
they taught. 



~ The Sloan Foundation 
'*r/zp A^ett' Liberal Arts,*^ 
198L 



Strong faculty are indispensable to 
healthy learning communities. In 
addition to providing excellent 
teaching, faculty sen'e as role 
models for iheir students, provide 
intellectual stimulation for their 
colleagues, and catalyze all aspects 
of the academic process. To dra\v 
people into science and mathematics, 
careers in these disciplines must he 
seen to be attractive and rewarding. 
Faculty who are satisfied with their 
careers, who enjoy teaching, and 
who are excited about scholarship 
serve as dynamic models of the 
kind of persons we hope to graduate 
from our colleges. 

The demographics and mobility of 
faculty in non-doctoral institutions 
are important characteristics of the 
current scene. The 1960s was a 
period of rapid expansion in U.S. 
higher education during which the 
number of science and engineering 
baccalaureate degrees more than 
doubled. Growth created many 
opportunities for upward mobility 
of faculty into jobs that better 



A vital community of 
learners can be built and 
sustained only if there is 
commitment at all levels 
within an institution. 



matched the person to the institution. 
Mobility is no longer a significant 
feature of the academic scene. 
Science and engineering baccalau- 
reates in 1988 were just 17 percent 
higher than in 1970, providing an 
expansion rate of less than one 
percent per year. This means thai 



the employer of a college faculty 
member who reaches tenure is now 
more likely to be that person s 
emplover at retirement. Hence 
colleges, science-related agencies, 
and faculty themselves must all 
work synergistically to keep these 
long-term relationships healthy 
and productive. 

In successful academic communities, 
people work together to model the 
diversity that we want our students 
tc experience. Institutions must 
recognize the diversity of talents 
that exist within a department and 
promote ways for faculty members 
to develop their different talents. 
Scholarly activities should be expected 
of all faculty, since active scholar- 
ship promotes excellent teaching. 
However, scholarship must be 
viewed broadly, including creativity 
in educational endeavors as well as 
in traditional academic research. 

A vital community of learners can 
be built and sustained only if there 
is commitment at all levels within 
an institution. Faculty and adminis- 
tration must possess similar visions 
of the institutional mission, and 
even/one must work cohesively to 
achieve common goals. F ederal 
agencies and private foundations 
are also key partners in the develop- 
ment of academic communities. By 
working with colleges and univer- 
sities to develop new initiatives, 
they provide both intellectual 
and fiscal resources that are the 
lifeblood of faculty development. 

The interactive combination of 
teaching and scholarship that is 
most satisfying to a teacher-scholar 
in undergraduate science or 
mathematics will also result in the 
most instructive and engaging 
education for students. This ideal of 
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the professionally active teacher 
should, therefore, shape our under- 
standing of how faculty are hrouj^ht 
into the community, how faculty 
development occurs within the 
community, and how the sense of 
community can be sustained 
and extended. 

The Role of 
Scholarship 

We have seen through repeated 
examples how natural science 
communities play a central role in 
the success of liberal arts colleges 
in attracting students to the study of 
science and mathematics. Faculty 
catalyze the formation of these 
communities by playing the com- 
bined role of teacher and scholar. 
Whereas in many research univer- 
sities the roles of teaching and 
research often compete for time, 
energy, and resources, in liberal 
arts colleges tliey are essential 
and natural allies. 

Public concern about the dominance 
of research priorities over under- 
graduate teaching in many univer- 
sities has led to an unfortunate 
misconception about the appropriate 
relation between teaching and 
scholarship. Various national 
commentators and policy leaders 
have expressed concern that 
emphasis on research will result in 
diminished quality of undergraduate 
u^aching, as if the environment of 
t(*aching and scholarship were a 
zero-sum game. The experience of 
effective science education in the 
productive lil)eral arts colleges 
exposes these concerns as 
profound misunderstandings. 



It is surely possible for faculty to 
stress research at the expense of 
teaching, or teaching at the expense 
of scholarship: both extremes 
diminish learning by separating 
instruction from authentic, 
investigative, community-based 
science education. What the 
science-active liberal arts colleges 
have demonstrated so well is that 
between these extremes lies a 
productive synergism of teaching 
and scholarship in which student 
and faculty learning thrives. 

Scholarship and research are 
pursued together in liberal arts 
colleges as forms of undergraduate 
teaching, just as in research 
univtTsities they are pursued as 
forms of graduate and post-doctoral 
teaching. The symbiosis of research 
and teaching that has made U.S. 
universities an international magnet 
for graduate education is focused in 
liberal arts colleges on their unique 
mission — undergraduate education. 
In these institutions one finds 
faculty committed to the combined 
role of teacher and scholar and 
administrations committed to 
consistent support of a natural 
science community of learners. 
^ 

Scholarship and research ai e 
pursued together in Hberal 
arts colleges as forms of 
undergraduate teaching, just 
as in research universities 
they are pursued as forms 
of graduate and post- 
doctoral teaching* 



What we urgently need ioday 
is a more inclusive view of what 
it means to be a scholar - a 
recognition tliat knowledge is 
acquired through research, 
through synthesis, through 
practice, and through teaching. 

^'Scholarship 
Reconsidered," 1990. 
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Lawrence 
University 



Can a quarter of a million dollars 
buy happiness? 

Maybe not. But it can buy one 
heck of a laser laborator\'. And 
that can bring with it student 
and faculty enthusiasm, 
increased enrollments, new 
courses, and abundant 
opportunities for meaningful 
undergraduate research* 

The physics department at 
Lawrence University in Appleton, 
Wisconsin, has proved it s 
possible. With funding from a 
number of sources, including the 
National Science Fou::{^«»ion, the 
Sloan Foundation, and several 
corporations, the Lawrence 
physics department has built 
a "Laser Palace" that project 
director John Brandenberger 
says is '*unequaled in any other 
liberal arts college in the country/' 

The Lawrence '*Laser Palace'' 
(the name was jokingly coined 
by a dean of ihe college; it 
caught on, to the point of being 
emblazoned in the form of a 
huge red neon sign) consists of 
four laboratories stocked with 
a variety of lasers, optical 
equipment, and electronic 
instrumentation. These labs are 
used by students in course work 
and for research projects. There 
are two additional labs reserved 
strictly for research. They 



also contribute to the teaching 
program, in that some of the 
more advanced students have 
been involved in research 
programs at these labs. 

The Lawrence laser program has 
brought with it increased physics 
enrollments. Part of the increase 
is due to a recruitment program 
based on a laser physics 
workshop for high school 
students. The college brings in 
40 high school seniors from 
around the countr\' for a weekend 
of laser physics. A good many 
of these students — upwards 
of 25% — wind up as under- 
graduates at Lawrence. 

As a result, the number of 
physics majors has more than 
doubled, from 5 or 6 graduates 
per year in the mid 198()s, when 
Brandenberger first started 
planning the Laser Palace, to 
more than a dozen in 1991, with 
approximately half of them 
heading toward graduate school. 
Several of these students 
have engaged in ambitious 
undergraduate projects, 
Brandenberger says, and one 
recently co-authored a refereed 
physics paper with him. 

Why lasers? In fact, 
Brandenberger says, a good 
program can be built around any 
of a number of areas in physics. 
What it mainly takes is a faculty 
member active in research; in his 
case, laser physics made the 
most sense. However, he notes, 
lasers are a good choice, because 
they permeate so much of 
modern science — more than 
a third of the papers in experi- 
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mental chemistry and pliysics 
these days report on the use ol 
lasers, Brandenberger points 
out — and because they are based 
on physical principles that are 
accessible to college students. 

"'Laser physics and laser 
spectroscopy are good areas for 
undergraduate emphasis and 
undergraduate research, l)ecause 
undergraduates have more 
exposure to the underlying 
physics of this field than to most 
other jubdisciplines in physics/' 
hri^ idenberger says. 

Does it really take a quarter 
of a million dollars? No, says 
Brandenberger. Tlie l^wrencte 
laser lab was funded as a pilot 
program, intended to showcase 
the possibilities of undergraduate 
laser physics. A 1989 report on 
the Lawrence project suggests 
three levels of laser physics for 
other interested collegtr.-;, from a 
$16,0(K) "entiy level'' package 
that puts minimal demands on 
staff and space, to an ambitious 
$160,000 package. The one 
al)Solute requirement: "A 
faculty member or two who 
are research active in the area." 
Brandenberger says. 



Recruiting Faculty 

One of the biggest challenges facing 
colleges today is hiring new science 
faculty. The anticipated shortage of 
professors has provided impetus for 
many insl't'Jtions to develop new 
ways to attract and retain q'lalified 
candidates. The most common 
response is to offer more money. 
While salary is certainly an 
important consideration, it is by 
no means the only factor in the 
employment equation. Working 
conditions and the general quality 
of life in the college community 
♦ - ---- - ■ 

Undergraduate science 
education is most successful 
when the commitment 
to leaching is persona! 
and deep. 

are critical factors, especially 
for scientists or mathematicians 
interested in the kind of undergradu- 
ate environment this report envisions. 

Individuals looking for academic 
careers in science and mathematics 
will be attracted to colleges thai 
support the realistic development of 
such careers. Where collaborative 
learning is prized in the sciences 
and mathematics, its labor-intensive 
character must be reflected in 
faculty expectations. As they 
r(*cruit new faculty members in 
science* and mathematics, undergrad- 
uate institutions must be forthright 
about the importance of teaching 
and the commitment of time and 
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energy that such a conmiitment 
enta'U. Any misrepresentation of 
the nature and priority of teaching 
betrays the mission of a college 
and misleads prospective faculty 
members. To support the student- 
faculty community that is essential 
for effective learning, course 
assignments, tenure, and promotion 
must encourage a broad view of 
educational scholarship. 

Prospective science and niathemati(*s 
faculty members must be equally 
clear about their own commitment 
to teaching. Undergraduate science 
education is most successful when 
the commitment to teaching is 
personal and deep. Faculty must 
understand that teaching is a 
meaningful and important responsi- 
bility and that scholarship is as 
important for their department s 
cumculum as it is for their own 
[)rofessional development. The 
synergism of teaching and research 
provides faculty with a unique oppor- 
tunity to open up the minds of their 
students and concomitantly to culti- 
vate their own professional identity. 

Faculty 

Responsibilities 

Commitment to both teaching 
and scholarship combine in the 
undergraduate setting U) provide 
first-rate education for students in 
tlie sciences and tnathematics. 
With that commitment, responsibil- 
ities become opportunities: without 
it, they become onerous obligations. 
Committed faculty members teach 
to increase their students' "hands- 
on'' connections to the sciences and 
mathematics. They view their own 
activity as professionals always with 
an eye to the impact such activity 
can have on their teaching. 

104 



Creating a market (or good 
teaching begins with having 
the faculty assume shared 
responsibility for the sum of 
their teaching activities ... in 
the end, that means individual 
faculty members coming to 
know firstltand how their 
colleagues teach. 

Pew ''Policy 
Persiyectives:" 1990. 

We must, as teachers, 
transform ourselves from 
authorities who reveal truth, to 
facilitators who design creative 
learning environments for our 
students in which they can use 
the full range of talents and 
intelligences that they bring to 
the study of science. We must 
inspire ordinary people to 
become extraordinary. 

~~ Prvicilla Liws 
Project Kaleidoscope 
Xational Colloquium, 
February 4, 199L 
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You scientists need better 
cooperation across departmental 
lines... to project equipment 
needs farther into the future ... 
and dtitermine what must be 
reserved for unexpected visiton, 
research operations, and other 
opportunities. We presidents 
and deans need to work more 
effectively with you. You tend 
to be rather better at describing 
in excellent detail ... an 
opportunity for a matching 
grant ... than at laying out a 
five-year program of 
instrumentation and 
facilities needs. 

Bowdoin College President 
Robert Edwards; CUR-I985, 



In liberal arts colleges, successful 
faculty are those who understand 
that undergraduate students play an 
important role in the intellectual 
community of learners. Learning: is 
not a uni-directional endeavor, Int 
one in which faculty learn n^w ways 
of looking at old questions from the 
students they teach. Fresh student 
perspectives infuse faculty with new 
insights into the scientific endeavor 
and promote a shared approach to 
understanding scientific questions. 
A positive *'esprit de corps" hetween 
undergraduate students and faculty 
helps students aspire to career 
goals in science and mathematics. 

One must admit that circnimstances 
sometimes make development of 
community difficult. Fmslrated 
faculty members sometimes blame 
students for lack of a proper work 
ethic, for lack of enthusiasm and, 
most unfortunately* for lack of 
proper background. Students often 
blame science and mathematics 
faculty for antiquated teaching 
methods, dry lectures* and draconian 



In liberal arts colleges, 
successful faculty are those 
who understand that 
undergraduate students 
play an important role in 
the intellectual community 
of learners. 

grading systems. Such frustrations 
by students and faculty can easily 
undermine the foundation of a 
learning community. They must be 
resisted and reversed if science 
education is to thrive. 



One of the most fundamental 
necessities of a good teacher is to 
resf)ect students. Students who 
resist science, perhaps because of 
a residual fear, need nurturing that 
can be provided only by faculty 
members who are committed 
teachers. Faculty who respect 
students as individuals will learti 
to recognize the unique gifts of 
students who are unsure of their 
interests or who lack sufficient 
background or confidence to excel 
immediately. Success in cultivating 
scientific and mathematical talent and 
interest will prove to be the ultimate 
measure of effectiveness of the 
science and mathematics programs. 



Supporting 
Scholarship 

The role of departmental chairs 
is pivotal to program success, to 
faculty development, and to general 
support of scholarship. In addition 
to individual responsibilities such 
as teaching, scholarship, advising, 
and committee work, chairs are 
responsible for departmental 
curriculum needs, budget constru<'- 
tion and supervision, public relations, 
and recruitment of students and 
faculty. Chairs also have responsi- 
bility for mentoring faculty, 
distribution of teaching opportu- 
nities, encouraging scholarship, 
and conducting performance 
evaluations. Beyond these duties, 
chairs sen'e as a vital liaison 
between the faculty and the 
administration. It is of paramount 
importance for institutions to 
recognize the importance of 
departmental chairs and to cultivate 
their leadership abilities. 
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licjiiilar (Irvclopmrn! of jnoi uls 
lor prolcssional work is iuiod... 
<'ss(M]tial compotKMit of the undcr- 
jiraduaU* scicMur and nialluMTialics 
cnvironnicnl. Wriling proposals 
allows for invaluabli' t>^'f 
('Valuation of i(l(«as and proniolt^s 
th<* dov(d()pni('rU of [)ers.()nal lon^- 



II is of pararnounl imporlanre 
tor insliUitions lo rocogni/e ihe 
irnporlaruT of parlmenlal 
chairs and locullivalc ihcir 
l( adership ahililies. 



ranfjc plans. Faculty must hr 
coniniith'd lo the f)roc<»ss of 
proposal d('\ <dopmenl as part of 
their own lonj^-ran^e professional 
j)lannirtfr; deans and de[)arlnient 
eliairs must eneoina^e thes(* 
end<'avors and institutions must 
provide appropriate tangible sup[)oi1 
throufrli their ()eveiof)ni(Mn offic^^s. 
I'roposals and puhliealions franu^ 
and sustain the entire s[)eetrum of 
scholarly endeavor. contril)Utinji 
l)oth to the foundation of the 
discipline and to the sch(;larly 
community on campus. 

W hile jiranl writing!; hy faculty 
should he encouraj^ed l)y college 
administrations, grant awards must 
not hecorne ilie measure of success. 
(College achninislratiori.s must 
not allow led<Tal or private 
organizations to heconie surrogate 
tenure and promotion comniilt{M\s. 
They should, instead, promote 
faculty graiit writing as scholarly 
achievement of value for itself. 

Kacidty |)articipation in professional 
and educational conferences is a 
O ical dimension of teacdiing and 
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scholarship that conihals tiie sens(» 
of isolation often f<*lt at a small 
eollege. Hy sharing teaeliing and 
research insights with one s peers, 
a faculty member can more readilv 
sustain pedagogical vitality and 
})rofessi()nal self-confidence. Such 
work also models for students a 
significant aspect of the* scientillc^ 
and malliematics community. 

The learning model envisioned in 
this report cannot be limited to the 
contact hours assigned to lectures 
and laboratories, (Collaborative 
research, consultation with students, 
and advising al)out a host of related 
concerns vi(^ for a faculty members 
lime along with such activities as 
course pre})aration. curriculum 
develof)ment. and other traditional 
collegiate responsil)i litic^s. Working 
with undergraduate r(»s(^arch 
students during the summer is 
another ini[)ortant priority diat 
n(»(Mls to be sup[)orted by faculty, 
(h^partments, and institutions. 
Student-faculty scholarly pai1net>;hips 
ar(^ powerful learning arrangements 
for l)oth parties, l)iit only work well 
if both commit time and energy to 
it. Faculty must lliul sf^lf-satisfaction 
in tlie fact that th(>y are functioning 
as teachers and as scholars as 
lh(\v imd(M'take their work with 
undergraduate n^search colleagues. 



Developing 
Academic Careers 

To remain vital, faculty need support 
throughout the development of 
their academic careers that reflects 
changing, complex, multi-dimen- 
sional perspectives. Dynamic 
faculty undertake new challenges, 
teach different subject.^, and 
engage in varied types of scholarly 



endeavors, Focusf^d achievable 
goals for facullv are important 
stimuli that help shape academic 
careers. The formulation of these 
goals slioidd b(» encouraged and 
aided by their departments 
and institutions. 

P(M'iiaps lh(» most pressing need of 
faculty at any institution is time — 
the time nccessaiT for work, for 
reflection, and for meaningful 
deliberation with students and 
colleagues. Time is necessar}' to 
encourage the informal assot^iations 
that are vital to the (levelopment of 
community upon wbich the integrity 
of horning depends. Faculty 
development programs must allow 



A kov slralegv to create 
lime for faeulty is tlie 
estahlishment of lean 
currieula shorn of excessive 
devotion lo narrow aspects 
of the discipline. 



time for working with students as 
individuals, for building community, 
and for growing professionally — 
always taking into account the 
different needs of faculty at various 
stages of their I'arcers. iNew faculty 
es[)ecially face not only the 
excitement of developing courses, 
but also the challenge of developing 
their own scholarly endeavors: 
established faculty face different 
types of teaching and scholarly 
challenges as their careers evolve. 
A key strategy to create time for 
faculty is the establishment of 
l(*an curricula shorn of excessive 
devotion to narrow aspects of 
the discipline. 
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FACILITIES: SUPPORTING A COMMUNITY 



Ihe facilities gap (for research 
and leseaitlt training), and tlie 
many factors contributing to it, 
Itave been documented in a 
succession of studies dating 
from the early 1970s. 
Consensus now exists in 
government and industry, as 
well as academe, that the 
situation has reached a point 
where it threatens the strength 
of the nation's research 
enterprise and the quality of 
education of new scientists. 

- Research Roundtabic, 
199(K 



Thf rxperirnce of siurc^sftful 
scicMK'O and malhrmalics programs 
in preflominanlly undrrf^radualr 
inslilulions offers an important 
contribution to tho national dialopuc 
about infrastructure needs that are 
required to implement the kind of 
science and malhematies teaehin<; 
and learning advocated in this 
rejiort. It is clear that a highly 
interactive, hands-on. experiential, 
lab-rich, problem-solving program 
for natural science communities 
f)laces specMal demands on infra- 
structure. Facilities, equifimcnt. 
computing, libraries, and ((^'Imical 
support must he adequate to the job 
if we are to acliieve the fundamental 
n^form of science and mathematics 
education needed by this countr\'. 

One princif)le undergirding this 
Report is thai public policy should 
encourage and support indigt^ious 
science and mathematics education, 
The physical and human resources 
necessary to support and maintain 
science and mathematics communi- 
ties of learners must be made 



Public policy should 
encourage and support 
indigenous science and 
mathenialics education. 



avai!ai)leon individual campuses. 
Locally-based research supports 
student-faculty partnerships that 
enhance the learning community, 
reinforces faculty professional 
activities, and exemplifies to 
students the dynamic that sustains 
the undergraduate leaeher-scholar. 



A sfM'ond principh is thai [)olicie^ 
should address IkJIi long-l(»rni and 
short-term goals. Sustaining an 
ade(|uate infrastructure i^ a costly 
proposition. Faculties, deans, 
development officers, and presidents, 
as well as staff of governmental and 
private funding agencies, need lo 
be clear aliout tlie long-term impli- 
cations of decisions made lo solve 
immediate problems. Too often 
effective programs are abandoned 
before they have achieved their 
[)urposes. Comniitnicnt to long-tern) 
sustained effort is al)solulely crucial 
if change is to be produclive. 

Appropriate 
Spaces 

The problem of inadequate* facilili(*s 
has two dimensions: one is the 
limitations on programs caused by 
deteriorating, worn-out facilities. 
The other is that existing spaces 
do not necessarily support active, 
investigative communities of learners. 

Architecture and facilities must 
support good teaching and learning: 

we shape our spaces and then 
they shape us.*' We have come to 
re(;ognize a widespread mismatch 
on most campuses between the 
pedagogy supported by existing 
facilities and the pe(lagr)gy we 
seek lo encourage. Why this 
mismatch between architecture 
and curriculum? In pari, because 
architects are often unfamiliar with 
the approach lo undergraduate 
science and mathematics educalioti 
described in this report. FaculU. 
furlhermore. have lew models of 
building design which translate 
these functions into form. 
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^ririu'c and nialluMnalics (Mhicalion 
dull seeks (() allrarl ^luden(s radicr 
dian weed ihein out neetls spaces 
orjjani/c d dilTerenlly I'vom die kinds 
nl \j)aees hiiill in (he l<)5()s and 
l^iAOs. These earher spaees, widi 
h'elnre halls and rehilively 
eraniped lahoraloric^s. (Mivisioned a 
seienee eduealion eharaelerized by 
pa^^ive ralher dian active learning. 
Ironically, jusl as experimerUal 
research in science IxM'ame more 
cnllahorative. onr nietliods of 
U»aching >ei<*nct» became less so. 

Serendif)ity — die chane(» discovery 
ol an idea — is common in the 
daily practice of science* and 
malheinatics, |-'ucililies n(*ed to 
>ii[)purl ^erendipily, (o have 
spaces spread ihronghoiil where 
sponlancMty can be exploited on the 
>pot through informal discussion 
with pe(»rs, using a computer in a 
common study halL or doing late- 
night laboriitory team-work. 

(iolleges need space lor science 
(hat will supporl a blend of teaching 
>t\les linked more tightly to the 
laboratory, space lor stud(»nt and 
faculty research, space that eneour- 
age.^ interdisci[)linary uses of major 
instrumenlalion. and classrooms 
wired for nudti-uHMlia [iresentations 
and coni[)Uting. Computing — for 
data eollectiofi. datn analysis, word- 
firocessing, graphic disf)lay, .simula- 
tion, modeling, and information 
retrieval — must be pervasive: 
•^lud(»nts and faculty must have 
access to computing where they 
work. Science^ and mathematics 
are inereasingU social, as opposed 
to solitary, activities. Our buildings 
must rellect the social character 



of science and matliemalics by 
providing s[)aces for exchanges 
among stud(*nts and faculty. 

A d(*partment fummIs also to consider 
seriously the "hospitality" of its 
^pac(» for students and its role in 
fost(Tiiig community, With certaiti 
restrictions, the science building 
should be accessible am! useful to 
students after normal business 
hours. Of course safety and security 
matters have to be considered, but 
liavinti the departmcMits own majors 
around the buihbng usually itu^atis 
less rather than more mischief. 
Students will be attracted hv such 



Facilities need to support 
serendipity. 



amenities as carrels where they 
can work and leave their books, 
scientific instnunents, tutoring 
.sessions, computers and printers, 
a teleph(me, a coffee [lot and pop 
mactiine. They will make good use 
of resf^areh laboratories, science 
libraries, a general [)Urpose room 
where homework, test answers, 
class references, reference books, 
mo(l(ds, and slides are stored. 
A department that makes such 
facilities available will soon find its 
(|uarters populated at all hours and 
on weekends; students will know 
each other, underclassmen will be 
coming by to get informal help with 
assignments, and everybody will 
have some sense of what is going 
on in the department. This type of 
environment develops a learning 
(M)mmunity and pays rich dividends 
in l^^arning, persistence, and 
recruitment of students into science. 



To emend an aphorism of Louis 
Kahn, we tnight describe 
laboratories as buildings that 
both serve and are served by 
science. Laboratories are 
both a means to advance 
science and the pro(iuct of 
modem technology. 

" Progressive Architecture, 
"Inquiry: Science 
hiboratories/'' 1989. 
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Deteriorating 
Buildings 

In addition to spaces that are ill- 
equipped to support an active, 
hands-on, research-oriented 
communal learning experience for 
students, we are faced with spac(» 
limitaiions caused by deteriorating 
structures. Excerpts from a 
description of one institutions 
chemistry building could describe 
out-dated, worn-out facilities in 
countless institutions across 
the countr)': 

♦ Fume hoods are located on 
interior walls in violation of 
federal safety requirements. 

♦ Ventilation system provides 
insufficient air exchange. 

♦ The entire building, including all 
laboratory space, lacks fire 
suppression sprinkler systems. 

♦ Plumbing fixtures and laboratory' 
gas lines are corroded and 
require replacement. 

♦ The mechanical system is 
insufficient to maintain adequate 
temperature control. 

Many in Aitutions are now seeking 
to design spaces for a highly inter- 
active, hands-on lab-rich science 
and mathematics education 
program. The 1990 NSF Research 
Facilities Modernization Program is 
part of a rejuvenated federal effort 
to help institutions plan appropriate 
new and renovated spaces for 
research and research training. 
This program is drafting a 
guide to planning science and 
mathematics research facilities 
that is designed to alert faculty, 
administrators, architects, and 
planners to critical architectural 
and engineering requirements in 



the design and redesign of research 
facilities. There is, however, no 
similar document that focuses 
on criteria for facilities to foster 
interactive science and mathematics 
learning. We hope to change this. 
F'ormation of a network of represen- 
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The total need for new 
construction, renovation, 
and major repairs of science 
and mathematics facilities 
at the science-active 
predominantly under- 
graduate institutions is on 
the order of $1.5 billion. 



tatives from colleges planning to 
build new science facilities, or 
planning modernizations and 
renovations, would be an excellent 
way to diffuse architectural 
innovations which foster an 
interactive learning model. 

In 1990 NSF issued a stark report 
estimating the magnitude of the 
facilities deficit facing higher 
education. Although this report 
focuses only on facilities for 
research and research training, it 
provides a basis for a similar — and 
much needed — study of facilities 
for undergraduate science education. 
There are approximately 30 million 
net assignable square feet of 
science and mathematics teaching 
and research space in the nations 
liberal arts colleges, concentrated 
mostly in the colleges with the most 
active science programs. If one 
uses the same construction and 
renovation cost estimates as in the 
1990 NSF study, these undergraduate 
institutions need something like 



S250 million per year for new 
construction of science and mathe- 
matics facilities, and $90 million 
for repair and renovation. In 
addition, the NSF estimates that 
for every $1 of new construction 
actually undertaken, there will 
be S4.25 deferred. Under this 
formulation, the total need 
approaches $700 million per year 
in new construction and $350 
million in renovations and repairs. 

By these rough estimates, the 
total need for new construction, 
renovation, and major repairs of 
science and mathematics facilities 
at the science-active predominantly 
undergraduate institutions is on 
the order of $1.5 billion. While this 
figure represents only about ten 
percent of the total required for 
research facilities, it is nonetheless 
a very big number and a pressing 
problem at the institutions 
described in this report. 



Instrumentation 

A community of science and mathe- 
matics learners engaged in active 
learning in a lab-rich and research- 
based curriculum requires faculty 
and student access to state-of-the- 
art research instrumentation located 
where students and faculty work. 
Fortunately, the revolution in 
electronics has made this access 
possible. Instrumentation which 
was not even available at many 
advanced research centers just ten 
years ago can now be acquired and 
maintained by predominantly 
undergraduate colleges. Excellent, 
relatively robust, repair- free 
instruments are available in mid- 
priced models. 
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In addition, il is no longer as neces- 
sary lo choose between securing 
expe^nsive service contracts and 
requiring faculty members to spend 
considerable periods of time 
maintaining and repairing delicate 
instruments. The cost of owning 
and operating state-of-the-art 
instrumentation is decreasing, and 
therefore the ability of smaller 
colleges to provide this important 
resource to students and faculty 
has increased. 

Recognizing the importance of 
adequate instrumentation, in 1985 
NSF reinstated a program that 
provides matching grants for the 
acquisition of instruments to be 
used lo develop new or improved 
laboratory courses in science, 
mathematics, and engineering 
as the nations predominantly 
undergraduate institutions. As 
significant as this ILI program has 
been, available funds have fallen 
far short of demand. 

It is significant, we believe, that the 
ILI guidelines identify as activities 
eligible for support exactly the type 
of active, lab-rich instructional 
environment that supports the 
learning model we have described 
and advocated in this report: 

♦ Projects that seek creative 
improvements to introductory 
level courses. 

♦ Projects aimed at acquainting 
non-majors with the principles 
and methods of science, mathe- 
matics, and engineering, or with 
the impact of science and 
technology on society. 

♦ Projects concerned with the 
undergraduate science and 
mathematics education of 
prospective teachers. 

O 
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♦ Projects lo improve lal)oralories 
for majors. 

♦ Projects lo up-grade obsolete or 
unreliable equipment. l)ut with 
[)lans that significantly improve 
instructional capabilities. 

♦ Projects that allow access lo 
computer tietworks which 
[)r()vi(ie greater capabilities 
than are available locally. 

♦ Projects to improve under- 
graduate honors programs, 
student research, and 
indefjendent study. 



if we are serious about 
sustaining our [scientific] 
vitalify, ... we must make a 
better claim on public and 
private understanding and on 
public and private dollars. 

~ Bowdoin College 
President Robert Edwards: 
CUR'l985. 



The NSF equipment program, 
matched with support from private 
foundations, corporations, and 
charitable individuals, has allowed 
many colleges to strengthen greatly 
students' learning experiences by 
leveraging numerous modest 
grants for equipment and program. 
Attentive faculty use the ILI 
peer review process as an almost 
continuous outside review of the 
department. In this way faculty at 



Attentive faculty use the 
grant peer review process as 
an almost continuous outside 
review of the department. 



smaller institutions far removed 
irom major research centers can use 
the extended contact with peers 
provided by the NSF competition to 
embed them in the world scientific 
community. A more adequately 
funded NSF equipment program 
could benefit a much larger number 
of colleges. 
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Kslirnales of ihe funding required 
for inslrumenlalion are (lifficull 
U) make, but data obtained from 
several sources indicate that colleges 
wishing to maintain state-of-the-art 
instrumentation for a research- 
based curriculum must expend 
about SS.tKX) [)er faculty member per 
year. Thus the 400 or so science- 
active independent colleges, each 
with approximately 25 science and 
mathematics faculty, should l)e 
s()ending S50 million annually to 
supf)ort instructional and research 
instrumentation for this sector of' 
the undergraduate community, if 
the NSF were to participate in 
financing this to the extent of 50%. 
the annual bill would be dhmi S25 
million. This is a feasible national 
[)olicy goal. 

Computers and 
Library 

(>otiiemporary science and malhenial- 
ics programs must have pervasive, 
poweri'ul, decentralized computing 
capacity for data collection, data 
analysis, word-processing, graphic 
display, simulation, modeling, and 
information retrieval, if students 
and faculty are to be in the labora- 
lor>'. as we say they must, computing 
must be there and nearby also. 

(Colleges must lake advantage of the 
revolution in computing technology, 
especially of modestly-priced multi- 
tasking workstations of great power 
and sophistication. Workstations 
allow |)rescnlalion of a wide variety 
of information — including text. 
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pictures, graphs, animation, video, 
music, and simulations — on a 
single screen. They offer efficient 
transfer of information among 

♦ 

Colleges must take 
advantage of the revolution 
in computing technology, 
especially of modestly- 
priced multi-tasking 
workstations of great power 
and sophistication. 

several applications mnning at the 
same lime to create high-impact 
'.caching and learning applications. 
They enable faculty to model 
complex phenomena lo increase 
student understanding. When 
connected lo a local or national 
network- they enhance access lo 
specialized information both on 
and off-campus, thus facilitating 
communication. Appropriate 
exploitation of this new technology 
at the undergraduate level will 
stimulate dramatic improvements in 
students' analysis, synthesis, and 
quantitative prol)lem-solving skills. 

A vexing problem on all of our 
campuses is how to provide students 
and faculty with necessary and 
efficient access to the scientific and 
mathematical literature. The cost of 
journals is growing faster than that 
of books, and the capital cost of 
tnaintaining shelf space and pro- 
viding timely and easy access to 
students and faculty is high. So, 
we have discovered, is the cost of 
bringing our libraries "on-line.'' On 
the other hand, growing numbers of 
scientific journals will be available 
as databases, and if networked 
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computing were available on our 
campuses, then br'nging journals 
to local workstations electronically 
would be much more a marginal 
cost than a l)asic cost. NSF could 
play a major role by assisting with 
the conversion of key resources 
from paper to machine-readable 
form and with the building of 
networks lo permit access to 
these databases. 

The key is to encourage publishing 
in machine-readable form, and to 
maintain journal databases in a 
standard formal accessible through 
a national network. This is a 
wonderfully appropriate role for 
government, with major im.pact on 
research as well as education. It 
would also provide a powerful 
incentive for colleges to create the 
workstation networks they need 
anyway for science and mathematics 
education. The cost of building and 
maintaining a journal collection in 
science and mathematics would then 
be reduced, and resources thus freed 
could be invested in campus-wide 
computing power and networking. 

We greatly applaud the leadership 
NSF is already providing to estab- 

♦ 

NSF could play a major 
role by assisting with the 
conversion of key resources 
from paper to machine- 
readable form and with the 
building of networks to 
permit access to these 
databases. 
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lish a nalional data comniunicalion 
network. This investment in critical 
communication infrastructure, like 
the Federal highway system, is 
somelhinu^ i2;overnment can do 
especially well. The National 
Research and Flducation Network 
(NKEN) will be a key to many of 
the partnerships envisaged in 
this report. For example, one can 
confront the isolation felt by many 
faculty directly by supporting 
national computer networks linking 
faculty of similar interests. Such 
networks could link, for example, 
women graduate students with 
women scrientists, minority students 
with minority faculty role models, 
and those addressing reforms in 
introductoP) courses with indiv itl- 
uals engaged in similar endeavors. 

Policy Options 

if colleges are serious about 
improving undergraduate science 
education, they must [)rovi(le 
opportunities for faculty who teach 
undergraduates to grow and develop 
as teacher-scholars. To do this, 
colleges must make a better claim 
on public and })rivate dollars that 
are available for science and mathe- 
matics education, and must be 
aggressive in helping foundations 
shape programs that are directed 
at undergraduate science and 
mathematics education. 

As in other areas of science and 
mathematics, NSF must take a 
leadershif) role in .supporting and 
stimulating institutions to meet 
their facilities needs. The job is 
daunting, but it is hard to imagine 
how institutions across the country 
are going to successfully tackle 
the critical facilities [)roblem 
O without NSF as a major plaver. 
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With its peer review process exert- 
ing quality control (eliminating the 
need for pork barrel decisions) and 
with the leverage its support can 
provide as colleges seek funds for 
facilities from other sources. NSF' 
help is crucial. 

The new NSF program in support 
of facilities renewal is a promising 
beginning, but its limitations over- 
whelm its potential: its restrictions 
to renovation and to spaces for 
research and research training, 
its inadequate recognition of our 
nation s critical need for new and 
renewed spaces for teaching, and 
its woefully inadequate level of 
funding are truly dismaying. 

Different federal programs for 
support of science education operate 
with quite different objectives, for 
example, to identify exemplary pro- 
grams, to establish model programs, 
to leverage support from other 
sources, or to support necessarv' 
activity. It is clear from the preceding 
analysis that NSF" could reach 
effective leverage level for instruc- 
tional scientific equipment through 
normal budget processes. However, 
to reach such a level for facility 
construction and renovation would 
require a major reprioritization of 
federal science policy goals. 

The continuing propensity of the 
President and Congress to make 
the raising of capital from private 
donations more and more difficult 
compounds the prol)lem of facility 
construction and renovation. 
Several years ago new and major 
constraints were placed on the 
ability of institutions — especially 
private institutions — to l)orrow 
capital in tax-exempt markets. 



Limits on total borrowing, arbitrage 
interest, and holding time before 
spending have driven the cost of 
managing construction cash flow 
greatly higher. Proposals currently 
being discussed to limit the tax- 
deductibility of charitable gifts, 
especially by major donors, threaten 
♦ 

We cannot meet facilities 
needs with mirrors. 
Something must be done to 
facilitate the necessary 
acquisition of capital. 



to choke off the principle sources of 
capital required to tackle the 
huge facilities construction and 
renovation problem faced by 
independent institutions. 

Independent colleges, as the 1990 
NSF facilities study clearly shows, 
pay for almost all of their construc- 
tion and renovation costs though 
charitable gifts and institutional 
funds. Were there plans for a sig- 
nificant federal grants program to 
support construction and renovation 
of scienc and mathematics teaching 
facilitic' , prospects for the future 
would not be so bleak. But no such 
program is even contemplated. 

We cannot meet our facilities needs 
with mirrors. Something must be 
done to facilitate the necessary 
ac(|uisition of capital. Incentives 
available to donors to make capital 
gifts must increase: the cost of 
borrowed capital must be reduced: 
and federal and state grant support 
must become available. Abundant 



evidence of need can be found in 
the 1986 NSB report on undergrad- 
uate science education. Absent all, 
or at least some, of these changes, 
the science and mathematics 
facilities at independent colleges 
will only deteriorate, and the 
nation will lose. 



Actions 

Several key groups have a stake 
in investing in academic research 
facilities: academic institutions, 
state and local governments, the 
federal government, private industn; 
foundations, and individuals. If 
significant progress is to be made in 
meeting facility needs, these groups 
must share in the responsibility and 
increase their efforts. Each has a 
different inteu...t and role to play, 
yet all must work cooperatively to 
leverage their efforts and funds for 
maximum impact. In particular, 
each group must determine where 
facilities needs fit relative to other 
priorities, since facilities support 
will necessarily compete for funding 
resources against other high 
priority programs. 

A recent report from The 
Government-University-Industry 
Roundtable (NRC) outlined options 
such as the following: 
♦ Colleges must prioritize their 
needs and employ more effective 
strategies for facilities planning: 
such plans, based on both short 
and long-term needs, should 



include mechanisms for budgeting, 
maintenance, management, and 
utilization, and should explore 
opportunities for greater use of 
debt financing. 

♦ State and local governments must 
recognize the science facilities 
needs of undergraduate 
institutions. They should 
determine priorities, explore 
mechanisms to increase support, 
encourage partnerships and 
consortia, develop joint programs 
and initiatives, and consider 
additional incentives to 
encourage support for facilities. 

♦ The federal government should 
play a more active leadership 
role in developing a systematic 
and balanced national approach 
to institutional facilities. 
Agencies must recognize the 
importance of such facilities, the 
need to provide suppo* and the 
priority of this need. 

♦ Industry must strengthen its 
overall commitment to support 
academic science facilities. It 
should also consider and identify 
actions that would increase 
industry's incentive to provide 
such support. 

♦ Private foundations should 
consider initiatives, including 
cooperative programs among 
themselves and with others, to 
leverage their support. 
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AFTERWORD 



In an era when higher education 
has come under criticism from 
many different sectors, it is 
essential the science and mathe- 
matics educators from the nation s 
predominantly undergraduate 
institutions take the lead in 
confronting the issues and setting 
a new course for strengthening 
undergraduate science and 
mathematics. Many creative 
programs that address well-defined 
needs are being developed and 
implemented in liberal arts 
institutions. Too often exceptional 
education reform efforts go 
unnoticed either because they 
occur in places out of the public 
eye, or because faculty and students 
consider such programs as ''status 
quo" and do not fully realize that 
other institutions are looking for 
models upon which to reform their 
own programs. Some of these 
programs are cited in this report 
and were highlighted at the 
National Colloquium: there are 
many more. 



Our goal is that Project 
Kaleidoscope be the starting 
point for the evolution of a newly 
invigorated approach to under- 
graduate science and mathematics, 
and that it contributes the 
continued dialogue and partnership 
between funders. policy makers, 
and science and mathematics 
educators as they work together to 
shape the tools and provide the 
necessary support. Several further 
Project Kaleidoscope activities are 
in the planning stage. We look to 
all committed to "WHAT WORKS: 
BUILDING NATURAL SCIENCE 
COMMUNITIES'' to be involved 
in this effort. 
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APPENDICES 



Project Kaleidoscope National Colloquium Workshop Presenters: 

Women and Minorities in Science 

Etta Falconer, Director, Science Programs and Policy, Spelman College 
Elita Pastra-Landis, Chair, Department of Chemistry, Wheaton College (MA) 
Annette Bower, Chain Biological Sciences Department, Mount St. Marys 
College (CA) 

Geology: The Development of a Lean, Lively, Investigative Curriculum 

Jeffrey W. Niemitz, Associate Professor of Geology, Dickinson College 

Barbara J. Tewksbury, Chair, Department of Geology, Hamilton College 

Literacy in Science: What do we mean and how do we attain it? 
Stephen D. Baker, Professor of Physics, Rice University 
Timothy D. Champion, Professor of Chemistry, Johnson C. Smith University 
Conrad Stanitski, Vice President for Academic Affairs ai.d Dean . 
of the College, Mount Union College 

Chemistry: The Development of a Lean, Lively, Investigative Curriculum 

Esther Gribbs, Assistant Froiebsor of Chemistry, Goucher College ' 
Bert Holmes, Professor of Chemistry, Arkansas Collcrge 
Julia M. Jacobsen, Project Manager, Women in Chemistry Program, The 
College University Resource Institute, Inc. ' 

Effectiveness in Undergraduate Mathematics 

Richard A. AIo, Professor and Chair of Mathematical Sciences, University 

of Houston Downtown 
Kenneth R. Hoffman, Professor of Natural Science, Hampshire College 
Armand E. Spencer, Professor of Mathematics, Potsdam College of the 

State University of New York 

Facilities: Critical Components of Undergraduate Science Education 
Richard Green, Director of Research Facilities Office, National Science 
Foundation 

Daniel Guthrie, Professor of Biology, The Claremont Colleges 
Harold Jones, Professor of Chemistry, The Colorado College 
Charles Weiss, Coordinator of Grants and Research and Professor of 
Psychology, College of the Holy Cross 

Partnerships that Improve Science Education 

D. Kenneth Baker, President Emeritus, Harvey Mudd College, Consultant 

Pew Charitable Trusts 
Alice Brown, Director, Appalachian College Program, University of Kentucky 
Johri Jungck, Professor of Biology, Beloit College 
Ryan LaHurd, Vice President for Academic Affairs, Augsburg College 
Surrendra P. Singh, Professor of Biology and Health Sciences, Kansas 

Newman College 

The Research Based Curriculum 

J.K. Haynes, Professor of Biology^ Morehouse College 

Don O'Shea, Professor of Mathematics, Statistics, and Computation, 

Mount Holyoke College 
Rabinda Roy, Professor of Chemistry, Drury College 
Rexford Adelberger, Professor of Physics, Guilford College 
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Multiple Entry Points in Science and Mathematics Curricula 
Clarence G. Heininger, Professor of Chemistry'. St. John Fisher College 
Carl Sheperd, Professor of Chemistry and Physics, Northland Pioneer 
Community College 

The Role of Colleges and Universities in Addressing the Needs of Pre-Service and 
In-Service K-12 Teachers 

Audrev Champagne, Professor of Education, Slate University of 
New York-Albany 

Edward C. Kisailus, Associate Professor of BiologN*. Coordinator. BioIog> 
Interaction Group - Partnership in Education. Canisius College 

Diane Ebert-May. Director, Science and Mathematics Learning Center. 

Northern Arizona University \ 

Katherine K. Merseth, Director, Comprehensive Teacher Education 
Institute, University of California at Riv ^ide 

Innovation in Undergraduate Mathematics 

Harriet Pollatsek, Professor of Mathematics. Mount Holyoke College 
Wayne Roberts, Chair, Department of Mathematics and Computer Science. 
Macalester College 

Diane Driscoll Schwartz, Associate Professor of Mathematics, Ithaca College 

The Funding of Undergraduate Science and Mathematics Education 

Robert Lichter^ Executive Director, The Camille and Henr>' Dreyfus 
Foundation 

Harold Gene Moss, Program Officer, Tlie Kresge Foundation 

Robert Watson, Director, Undergraduate Science and Mathematics > 

Education Division, EHR Directorate, National Science Foundation 
Eugene Steele, Manager, 3M Education Contributions, The 3M Foundation 

Faculty: Key Components to Success 

John R. Brandenberger, Professor and Chair of Physics. Lawrence University 
Dorothy M. Feigl, Vice President and Dean of Faculty, Saint Mary s College (IN) 
Michael Zimmerman, Associate Dean and Professor of Biology, Oberlin College 

Biology: The Development of a Lean, Lively, Investigative Curriculum 
Alan B. Hale, Assistant Professor of Biolog>', Cedar Crest College 
Grayson S. Davis, Associate Professor of Biology, Valparaiso Universit> 
BariDara Y. Stewart, Associate Professor of Biology, Swarthmore College 

Physics: The Development of a Lean, Lively. Investigative Curriculum 
Charles Holbrow. Professor of Physics, Colgate University 
Thomas Moore, Assistant Professor of Physics, Pomona College 
Kyle Roelofs, Associate Professor of Physics, Haverford College 
David Sokoloff, Associate Professor of Physics, University of Oregon 

College-School Interactions to Improve K-12 Education 

Richard E. Stephens, Director, University/School Partnerships, 

Department of Energy- 
Gerald R. Franzen! Associate Professor of Chemistr)-, Thomas More College 
Donald J. Mitchell, Professor of Chemistr), Juniata College 
Anloine M. Garibaldi. Dean of Arts and Sciences. Xavier University of Louisiana 

Arm-Chair Tour of Science Facilities 

Martin J. Harms, AlA, Senior Associate. MPB Architects 

Christopher Flitting. Associate, Hayes Large Architects 

J. Richard Fruth, Principal, Hayes Large Architects 

David Franz, Chairman, Department of Chemistr>'. Lycoming College 

Norman Hetcher. FAIA, Principal. The Architects Collaborative, Inc. 
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Project Kaleidoscope Volume II: ^'Resources for Strengthening Undergraduate 
Science ami Mathematics'' will be available in the fall of 199L This volume 
will contain background materials to assist in the planning, implementing, and 
evaluating refoms in undergraduate science and mathematics. It will include: 

Part A: Research and Comparative Data un l)aclielor8 and Ph.D. productivity 
in the sciences and mathematics. 

Part B. Bibliography. 

Part C. Facilities for Undergraduate Science and Mathematics. 
A. Research. 

The research report describes the trends over the last decade for baccalaure- 
ates earned in mathematics, and the biological and physical sciences. The 
data are analyzed by field, by gender, by race, by sector and by institution. 
The analyses included data for all four-year in^siiiutions. The baccalaureate 
sources of recent Ph.D. s earned in these fields are described for all 
graduates, and for doctorates earned by women. 

The national data summarized over all institutions describe the serious 
national problem in the declining n'^nbers of students receiving degrees 
and entering careers in scientific and technical fields, and the continued 
under-representation of minorities, women and the handicapped. However, 
the national data reveal that the overall decline in science and engineering 
degrees is not equal for all fields, for all population groups, orlbr all 
institutions. There are institutions that continue to attract and retain students 
in these fields, iiu^luding certain colleges that have high rates of participation 
by women and minorities. 

There are various statistics that can be used to measure the degree to which 
a particular group is represented in science. Typically what is used is the 
proportion of the degrees in a field that are earned by a particular group. 
This statistic is meaningful, but may obscure important information. In the 
biological sciences, women earned a third of the baccalaureate degrees in 
1976, and one half in 1989. However, this higher proportion results entirely 
from the dramatic decline in the number of degrees earned in this field by 
men. The number of degrees earned by women has remained about the same 
through this period. 

There are important differences in the trends over fields. The total number of 
science and engineering baccalaureate degrees has declined. However, 
mathematics and physics have experienced increases in recent years, in 
contrast to declines in chemistry, geology and the biological sciences. The 
rates of participation by women and minorities are much higher in some fields 
than in others. For example, Hispanics earned 2% of the mathematics 
degrees in 1986-87 but 5.5% of the biological science baccalaureates. 

The liberal arts colleges continue to have the highest proportion of their 
graduates earning baccalaureate degrees in the natural sciences, and have the 
highest rate for graduates who go on to earn doctorates in these fields. 
Several of these colleges are among the most productive institutions in the 
absolute number of naturaf science baccalaureates and doctorates, as 
well as in the proportion of their graduates who earn baccalaureates and, 
doctorates in these fields. 




The number of institutions awarding baccalaureate degrees 'in mathematics 
and natural science to Hispanics or to Blacks continues to l)e ver\' small. A 
large proportion of the degrees earned by Hispanic graduates and by Black 
gradtiates are conferred by the colleges and universities in Puerto Rico and 
the Historically Black Colleges and Universities; respectively. The HBCL's 
have demonstrated that institutions can take students with inadequate 
academic preparation and turn them into fully trained mathematics and 
science graduates. 

B. Bibliography. 

The bibliography will have two major sections. In the first, we will describe 
those works that are likely to have the most impact on undergraduate 
mathematics and science during the next decade. Since 1983, there have 
been over 3fX) policy studies of education, with a great number of these 
focusing on the practice and substance of mathematics and science 
edu(*ation. A brief overview will be presented of some of the most salient 
of these. 

A ^Recommended reading list'' will be given, suggesting those works most 
likely to have a significant impact on reform efforts in undergraduate science 
and mathematics. In particular, references that examine the concept of 
"community of learners" will be described. 

In the second section, we will present a bibliography organized in the 
following categories: 

1 . Women in Science 

2. Minorities in Science 

3. K-12 Connections 

4. Curriculum 

5. Faculty 

6. Research 

7. Exemplan' Projects 
"8. Institutional Change 

This section will include an oven'iew of the references we have collected, 
a description of the methods used to assemble the bibliography, and 
suggestions about how the bibliography can be used. 

C: Facilities for Undergraduate Science and Mathematics. 

This part will expand on the material presented in the facilities chapter in 
Volume I and in the related workshops at the National Colloquium. It will 
include an outline of options for long-term planning for facilities, and a series 
of case studies giving examples of n^y-constructed and renovated facilities 
for teaching and learning in the sciences and mathematics at the 
undergraduate level. 
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